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PART  A 

”A  Survey  of  the  Effect  of  40  Liquid  Metals  and  Alloys  on  the 
Oxidation  and  Loss  of  Coherence  of  13  Metals  at 
Room  Temperature" 

By 

David  A.  Jackson,  Jr.,  and  Henry  Leidheiaer.  Jr. 


1 


ABSTRACT 


Two  outstanding  examples  of  the  deterioration  of  metals  in  contact 
with  liquid  metals  and  alloys  at  room  temperamr^  .vere  observed  in  this 
study:  (1)  the  rapid  oxidation  of  aluminum  and  magnesium  in  the  presence 
of  mercury  and  its  alloys,  and  (2)  the  cracking  and  loss  of  internal  cohesion 
of  such  metals  as  aluminum,  zinc,  silver,  cadmium,  lead,  and  tin  in  the 
presence  of  gallium  and  its  alloys.  The  most  e£fe-tive  liquid  metal  alloy 
in  the  attack  on  c  -  airtinum  was  the  80^  Hg-20^  T1  alloy.  The  m-  st  effective 
liquid  metal  alloy  in  the  attack  on  magnesium  was  the  9^^  In  alloy. 


I 


3. 


INTRODUCTION 

The  extremely  deleterious  effect  of  mercury  on  aluminum  i-as 
documented  in  many  acientific  reports  and  publicatiors  and  is  well  knew;’  :i, 
the  chemical  industry.  Although  the  phenomenon  is  well  known,  there  ate. 
very  few  studies  which  are  helpful  in  understanding  the  factors  conti  oil  mg 
the  rate  of  deterioration.  This  portion  oi  the  overall  study  was  made  ir  t:  e 
very  early  phases  when  prime  consideration  was  being  given  to  pickitig  a 
system  for  quantitative  study.  These  preliminary  survey-type  exper  imenti- 
culminated  in  the  decision  to  study  the  oxidation  of  pure  aiummum  in  contact 
with  mercuric  iodidei  which  study  is  summarized  in  Part  D  of  th’s  report. 
The  results  of  the  study  with  the  liquid  metals  are  summarized  here  because 
some  of  the  observations  may  be  useful  to  other  workers  concerned  with  the 
very  rapid  deterioration  of  mettle.  It  must  be  emphtslKed  that  these  oxpu*-!- 
ments  are  preliminary  in  nature  and  that  they  were  only  carried  rut  for  the 
pqrpqsa  qf  chpoelng  ft  pyetftm  for  quftnUtfttive  etudy, 


EXPERIMENTAL  PROCEDURE 


All  experimer.ts  were  carried  out  at  room  temperaf.- 1*  •  i 

transparent,  plastic  reaction  chamber .  The  cl_ -ibci  was  mair.ta;:  ed  » 
relative  humidity  of  79-82%,  as  determined  by  a  wet  bulb  and  drv  b-a!b  h 
midity  gauge,  through  the  use  of  a  sattrrated  solution  cf  BaCl2  ^r.d  a  fj-. 

The  chamber  was  appropriately, baffled  so  that  the  reaction  produc’  w-,-  r  .• 
disturbed  by  the  moving  air. 

A  Pola-  id  Land  camera  equipped  with  a  #3  close-up  ie  .s  atta,.hmcr* 
was  used  to  take  pictures  cf  many  of  the  experiinanis.  These  -pbctogTanhs 
served  to  make  comparisons  between  experiments  carried  out  a*  differ ert 
times. 

META  S  UcED 

The  following  metals  were  used  as  corrosion  samples  or  in  the  pre¬ 
paration  of  the  various  mercury  or  gallium  alloys. 

Aluminum.  Pigs  of  99.999%  aluminum  were  obtained  from  the 
Reynold  Metals  Company.  The  analysis  for  this  casting  was  as  fellows: 

Si  Cu  Mg 

0.0003  O.'u.Ol  0  0010 

The  lot  number  for  the  casting  vas  4Ri53. 

Magnesium.  Rods,  15/16”  in  di>-noter  c£  ma".nesi..m,  and  do- igr.atcd 
-•s  99.95%  pure,  were  cbtai:<«.d  from.*.  D.  Mackay,  Inc.  N'-  analytic  was 


Tin.  Bars  of  purified  tin  were  obtained  from  the  Fisher  Scier.tiiiC 
Company,  but  no  analysis  was  availa 

Copper.  Rods,  3/8'’  in  diameter,  were  obtained  from  the  American 
Smelting  and  Refining  Company.  The  p'-rity  was  listed  as  99.999%. 

?mc.  Sticks  of  1/4"  diameter  zinc  rods  were  obtained  fro.^*  ihe 
Fisher  Scientific  Company.  They  were  described  as  C.P.  grade  and  had 
the  following  impurities: 

As  Fe  Pb 

0.  OCCUOO-^  0. 002  0.  003 

The  lot  number  for  the  casting  was  793800. 

Titanium.  Rods,  5/8"  in  diameter,  of  commercial  grade  A -70 
titanium  were  obtained  from  the  Crucible  Steal  Company  of  America  ,  and 
had  the  following  percentage  analysis: 

J9-  il  ii 

0.04  0.0029  0.02  0.20 

Lead.  Sticks,  1/4"  in  diameter,  were  obtained  from  the  Fisher 
Scientific  Company  and  had  the  following  percentage  analysis: 

.*  s  Bi  Cu  Fe  Ni  Ag 

0.0-1000  0.00001  0.0003  0.001  O.GOGl  0.0001 

Zirconium  (Zircaloy-2).  A  three- toot  rod  ot  /.irca-v,-  -2  was  obtained 


from  the  Hanford  Laboratories.  The  following  analysis  accompanied  the 


1.5%  0.12%  0.10%  0.05%  70  ppm.  60  ppm.  50  ppm. 

Cadmium.  A  small  ingot  of  99.999%  pure  cadmium  was  obtained 
from  the  Consolidated  Smelting  and  Refining  Company  of  Canada. 

Antimony.  Chips  of  high  purity  antimony  ‘.were  obtained  from  the 
Bradley  Mining  Company.  No  analysis  is  available. 

Silver .  A  small  rod  of  3/8”  diameter  silver  wa®  'obtained  from  the 
Consolidated  Smelting  and  Refining  Company  of  Canada.  It  was  listed  as 
99.  ^#99%  pure. 

Bismuth.  A  small  ingot  of  intermediate  grade  99.999%  pure  bismuth 
was  obtained  from  the  Consolidated  Smelting  and  Refining  Company  cf  Canada. 

Nickel.  Shavings  from  rods  of  99-  92%  Ni  were  used.  They  were  ob¬ 
tained  frv  a  Crucible  St  eel  Cozi^>any  of  .America. 

Barium.  A  small  rod  of  99.5%  pure  barium  was  obtained  from  A.  D. 
Mackay  Company. 

Manganese.  Manganese  in  the  form  of  small  platelets  was  obtained 
♦’’•om  Unit-. ••  Mineral  and  Chemical  Corp.  The  purity  listed  was  99.99+%. 

Arsenic.  Arsenic  metal  in  chunk  form  was  obtained  from  the  United 
Mi;.«rai  and  Chemical  Corp.  The  purity  was  lt5i.‘=:.i  as  99.V9%. 


Platinum 

Palladium 

Gold 

Rutheni~am 

Rhcdlum 

Iric-vm 


Shavings  of  m«*als  >f  unknv/wn  mipurity 
comoosiliun  we->-e  usee. 


Indium.  Metal,  99-7%  pure,  was  obtained  in  ingot  form  from  t.'.e 
Consolidated  Smelting  and  Refining  Company  of  Canada 

Thallium.  A  small  rod,  1/2"  in  diameter,  of  99.99%  pure  thallium 
was  obtain<*d  from  A.  D.  Mackay,  Inc. 

Gallium.  Gallitim  metal  99.99%  pure  was  obtained  from  Fisher 
Scientific  Company  and  had  0.0051%  Pb  listed  as  the  only  significant  im¬ 
purity. 

Mercury .  Triply  distilled,  purified  reagent  grade  mercury  was 
obtained  from  the  Fisher  Scientific  Company.  The  analysis  indicated  that 
gold  and  silver  did  not  exceed  0.  005%. 

Iron.  Common,  cold-rolled  steel  was  obtained  from  a  local  distri¬ 
butor. 

PREFA^JVTION  OF  SAMPLES 

The  majority  of  the  metal  samples  were  machined  iu  the  form  of 
discs,  1/2”  in  diameter  and  1/4”  thick,  with  a  small  recess  on  one  face  to 
serve  as  a  pool  for  the  liquid  metal.  Only  the  3/8",  99.999%  pure  copper 
rods  anj  the  15/  16”  99.95%  pure  magnesium  rods  were  used  in  the  diameter 
r--"eived.  Seme  of  the  other  low-melting  metals  were  recast  to  the  desired 
s'.ae  before  machining.  After  machinLag,  the  s-mpies  were  degreased  m 
siher  and  dried  before  being  transferr?r-i  to  the  rcacti^r-  --hambeT.  After 
humidity  equilibrium  was  achieved  -ji  th.  chamber,  a.  drop  ci  two  of  etching 
solution  was  placed  or.  ;he  sample,  foil-  •■.■u  by  the  liqu.d  metal  or  salt  used 


as  the  corrosion  promt  ter 


type  of  etciiant 

For  all  samples  except  titanium  and  zirconium,  the  etching  sclution 
was  HCl  (gas)  dissolved  in  95%  ethyl  alcohol  to  the  extent  where  a  2M  to  3M 
sclution  was  achieved-  For  the  titaniv;  *  and  zirconium  samples,  sever— 
fluoride  etchants  were  used: 

a)  Solid  HgF2  +  2M  HF 

b)  IM  HF 

c)  Solid  NaF  +  2M  H2SO^ 


EXPERIMENTAL  RESULTS 


ALUMINUM 

The  r.-siilts  obtained  with  many  o’fferent  litjOld  alloys  are  summa-'--- 
ed  in  Table  I.  The  general  type  of  oxidation  observed  with  the  meic-.’ry  alloys 
was  similar  to  that  obtained  with  pure  mercury  and  many  mercury  salts  in 
which  long  filaments  cf  cxide  grew  from  the  metal  surface.  Figure  1  is 
typical  cf  the  appearance  cf  the  majority  of  the  samples  exposed  nthe  alloys 
in  cclumn  1  cf  ia..-ie  ’ 

In  the  case  of  the  gallium  alloys,  the  samples  did  not  genor  jUy  ex¬ 
hibit  as  large  an  amount  of  oxidation  as  observed  with  the  mercury  alloys, 
but  rather  tba  samples  deteriorated  by  cracking.  Wetting  of  the  surfaces 
of  the  sa.  pies  by  the  gallium  alloys  took  place  only  in  the  recessed  area 
directly  under  the  pool  of  liquid  metal.  However,  once  wetting  began,  the 
liquid  metal  penetrated  the  sample  largely  along  grain  botmdaries.  In  some 
cases,  the  location  cf  the  cracks  did  not  appear  tr*  be  related  to  the  location 
of  the  gra  ..  boundaries.  Figure  2  shows  several  typical  experiments  with 


six  gallium  alloys. 


I 


I 


Typical  type  of  oxidation  observed  when  pure  aluminum  was 
exposed  to  the  mercury'  alleys  listed  in  column  1  of  Table  I. 
This  particular  experimen.  was  r.~r  I'd  cut  with 
HgCl2>  ar-d  Hgl^.  but  it  is  typical  cf  the  restuts  obtained  with 
liquid  mercury  alloys. 


r  \ 


Figure  Z. 


The  attack  on  aluminum  by  gallium  alloys.  The  following 
alloys  were  used;  SI.  pure  Ga:  #3,  96%  Hg-5%  Ga;  #5. 
90%Hg-10%Ga;  #8.  75%  .►ig-25%  C ^9.  S0%  Ga-ZC%  In; 
#11,  65%  Ga-35%  In.  No  white  oxide  was  apparent  in  samples 
containing  no  mercury.  Cr^^cking  ana  snS'.ttin:;  took  place  on 
all  samples.  The  sair.plc  c'.'ached  by  pure  Ga  (#11  cracked 
severely  but  did  not  spo.otai.<-ou5ly  sepa.ate.  Tne  white  oxide 
was  scraped  away  from  samples  #3.  #5,  and  #8  to  show  the 
fragments.  Reaction  time  -  '‘b  hours. 
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12. 

TABLE  I 

A  Tabulation  of  the  Experimental  Results  Obtained  when  Cylinders  of  99-999% 

Alviminum  Were  Exposed  to  Various  Liquid  Metals  and  Alloys 

Alloys  VHiich  Caused  Alloys  Which  Caused  Alloys  Showing  No 

Severe  Oxidation  of  Cracking  of  AlunEi.nun  Severe  Deleteritnic 

Aluminum  Effect  on  Aliuninum  j 

Hg 

Ga 

All  alloys  caused  c'thor 
appreciable  oxidation  or 

95%  Hg  -  5%  Ga 

95%  Hg  -  5%  Ga 

led  to  cracking. 

90%  Hg  -  10%  Ga 

90%  Hg  -  10%  Ga 

75%  Hg  -  25%  Ga 

75%  Hg  -  25%  Gr« 

93%  Hg  -  5%  La 

80%  Ga  -  20%  In 

95%  Hg  -  5%  T1 

65%  Ga  -  35%  In 

80%  Hg  -  20%  T1 

95%  Ga  -  5%  Zn 

98%  Hg  -  2%  5n 

92%  Ga  -  8%  Sn 

98%  H%  -  ?%  5i 

Ga  satd.  with  Ti 

82%  Ga  -  18%  in 

Ga  satd.  with  Cu 

70%  Ga-18%  in- 12%  Sn 

70%Ga-lS%  In- 12%  Sn 

Hg  satd.  with  Pt 

Ga  satd.  with  Ag 

Hg  satd.  with  Pd 

90%  Ga  -  10%  Cd 

Hg  satd.  with  Au 

Ga  satd.  with  Ni 

H~  satd.  with  Ag 

82%  Ga-12%  Sn-6% 

Hg  satd.  with  Ba 

70%  Ga-i8%  in-i2%  Sn 

Hg  satd.  with  Mn 

Hi,  satd.  v.ith  Mg 

98%  Hg-2S  Ga  alloy 
s.^rn.  wi;a  In 

95%  Hg  -  5^  G.  ^lloy 

Hg  satd.  with  Cu 

-  .d.  within 

AUoys  Wbicb  Caused 

TABLiX.  i  (cont- ) 

Alloys  Wbich  Caused 

.13- 

Alloys  S&o'fting  No 

I 

i 

Severe  Oxidation  of 

Cracking  of  Aluminnm 

Severe  Dieter  ions 

^s'ffect  on  Alnmiinitn 

9S^  Hg  -  Pb 

98%  Hg  -  2%  Z»» 

95%  Hg  -  5»;  Cc 

Hg  satd.  wxdi  iLn 

Hg  satd,  viib  Ir 

Hg  sz-ii.  -vish.  Pu 

51%  Hg-41%  In-B%  Tl 

73%  Hg-17%  In-ia%  Tl 

99%  Hg  •  2%  Ga  allov 
satd-  -viHiTI 

95%  Hg  -  5%  C.-  -Hoy 
satd.  -wiHiTl 

98%  Hg  -  2%  Ga 
satd.  -widb  In 

95%  Hg  -  9%  Ga 
satd.  -wits 


95%  Hg  -  5%  Tl  alloy 
satd.  witb  In 


X, 


i 


COPPER 


The  following  liquid  metals  and  alloys  were  studied; 


Pure  Hg 

Hg  satd. 

with  Pt 

Pure  Ga 

95% 

Hg  - 

5%  In 

Hg  satd. 

with  Pd 

80%  Ga 

-  20%  In 

90% 

Hg  - 

10%  In 

Hg  satd. 

witli  Au 

92%  Ga 

-  8%  Sn 

80% 

Hg  - 

20%  In 

Hg  satd. 

witJi  Ag 

95%  Ga 

-  5%  Zn 

98% 

Hg  - 

2%  Pb 

Hg  satd. 

with  Ba 

82%  Ga 

-  18%  In 

98% 

Hg  - 

2%  Zn 

Hg  satd. 

with  Mn 

Ga  satd. 

witl:  Pb 

98% 

Hg  - 

2%  3n 

Hg  satd. 

with  Ir 

Ga  satd. 

with  Tl 

95% 

Hg  - 

5%  T1 

Hg  satd. 

with  -Ac 

82%  Ga- 

12%  Sn-6%  Zn 

90% 

Hg  - 

10%  T1 

Hg  satd. 

with  Rh 

f  Ga— 

18%  In- 12%  Sn 

80% 

Hg  - 

20%  T1 

Hg  satd. 

with  Mg 

73%  Hg- 

17%  In- 10%  Tl 

70% 

Hg  - 

30%  Tl 

Hg  satd. 

with  Ru 

95% 

Hg  - 

5%  Cd 

51%  Hg-41%  In-8%  Tl 

95% 

Hg  - 

5%  Ga 

95%  Hg-5%  Ga  satd. 

90% 

Hg  - 

10%  Ga 

with  Tl 

98% 

Hg  - 

2%  Bi 

95%  Hg-5%  Ga  satd. 

Hg  satd. 

with  Cu 

with  In 

All  the  copper  samples  -were  readily  wet  by  the  liquid  alloys  but  no 
evidence  of  oxidation,  cracking,  or  peeling  was  observed  in  90  hours.  The 
sample«.  could  not  be  broken  even  when  a  strong  bending  force  was  applied. 

LEAD 

None  of  the  alloys  studied  exhibited  a  tendency  to  promote  the  oxida¬ 
tion  of  ie?  ’  ‘o  any  visible  extent.  However,  many  of  the  alloys  did  cause  a 
loss  of  coherence  of  the  lead  as  shown  by  the  fact  that  bending  the  samples 
rt.uUed  ir  fragmentation.  Those  alloy-  which  did  and  di*^  not  cause  a  loss 
cf  coterence  are  listed  in  Table  II. 

Because  of  the  suia-ey-natur**  tr-sc  experim-ats,  it  is  not  possible 
to  draw  clear-cut  conclusions.  It  did  apnaar,  however,  that  a  necessary 
preliminat/  to  the  loss  of  coherence  was  setting  of  ti:c  lead  surface  by  the 


liquid  metal.  Since  wetting  can  be  affected  by  thin  surface  films,  it  must  be 
recognized  that  some  of  the  alloys  which  did  not  cause  a  loss  of  coherence 
may  have  done  so  under  different  conditions  of  surface  preparation. 


TABLE  n 


A  Tabulation  of  the  Liquid  Metals  and  Alloys  which  Did  and  Did  Not 
Cause  a  Loss  of  Coherence  of  Lead  Samples 


Those  Alloys  Which 

Caused  a  Loss  of  Coherence 

Those  .^illeys  in  'Which  No 

Loss  of  Coherence  was  Observed 

95%  Hg  -  5%  In 

Pure  Ga 

90%  Kg  -  Loi  In 

Ga  satd.  with  Pb 

80%  Hg  -  20%  la 

95%  Ga  -  5%  Zr. 

98%  Hg  -  2%  Zn 

82%  Ga  -  18%  In 

98%  Hg  -  2%  Sn 

Ga  satd.  with  T1 

95%  Hg  -  5%  Cd 

92%  Ga  -  8%  Sn 

95%  Hg  -  5%  Ga 

82%  Ga.12%  Sn-6%  Zn 

90%  Hg  -  10%  Ga 

98%  Kg  -  2%  Bi 

80%  Ga  -  20%  In 

Hg  satd.  with  Cu 

/0%  Ga-18%  In-12%  Sn 

95%  Hg  -  5%  T1 

Hg  satd.  with  Pt 

90%  Hg  -  10%  T1 

Hg  satd.  with  Pd 

80%  Hg  -  20%  T1 

Hg  satd.  with  Ir 

70%  Hg  -  30%  T1 

Hg  satd.  with  As 

80%  Hg-18%  Tl-2%  Pb 

Hg  satd.  with  Rh 

98%  Hg  -  2%  Pb 

Hg  satd.  with  Mg 

Hg  satd.  with  Au 

Hg  satd.  with  Ru 

Hg  satd.  with  Ag 

Hg  satd.  with  Ba 

Hg  satd.  with  Mn 

M-nGNESIUM 

The  typical  result  obtained  whni  magnesium  was  --..-.racted  with 
mercury  or  its  alloys  at  high  relative  hun.idities  is  shown  in  Figure  3.  The 
oxide  generally  formea  in  a  column  which  -  u-'i  a  layered  slruclure.  The 
oxide  was  voluminous  and  X-ray  diffraction  analysis  did  not  yield  rings 


characteristic  of  a  crystalline  compound.  The  liquid  metal  alloys  which  did 
and  did  not  promote  the  rapid  oxidation  of  magnesium  are  listed  in  Table  II. 
In  no  case  did  observable  cracking  or  loss  of  coherence  occur. 


Figure  3. 


The  typical  appearance  of  ;r.  nosium  samples  after  exposure 
to  liquid  mercury  alloy-?  et  h’,  t  relative  hiimidity  for  24  ho-urs. 


J?. 


TABLE  m 


A  Tabulation  of  the  Liquid  Metals  and  Alloys 
Which  Did  and  Did  Not  Cause  Appreciable  Oxidation 


of  Magnesium  Sampl 

es 

Those  Alloys  Which 

Thoi 

.e  Alloys  Which  Did 

Caused  Rapid  Oxidation 

Not  Cause  Rapid  Oxidation 

of  Magnesium 

of  Magnesium 

Hg 

Ga 

95%  Hg  -  5%  In 

80%  Ga  -  20%  In 

-  90%  Hg  -  10%  In 

82%  r.a-lE%  Sn-6%  Zn 

80%  Hg  -  20%  In 

70%  Ga-18%  In-12%  Sn 

98%  Hg  -  2%  Pb 

92%  Ga  -  S%  ba 

98%  Hg  -  2%  Zn 

73%  Hg-17%  -n-!0%  T1 

95%  He  -  57-  T1 

51%  Hg-41%  ln-8%  T1 

90%  Hg  -  10%  T1 

f 

Ga  satd.  with  Ag 

80%  Hg  -  20%  T1 

« 

95%  Ga  -  5%  Zn 

70%  Hg  -  30%  T1 

# 

92%  Ga  -  8%  Sn 

80%  Hg-18%  Tl-2%  Pb 

« 

Ga  satd.  with  Tl 

98%  He  -  2%  Sn 
95%  Hg  -  5%  Cd 
95%  Hg  -  5%  Ga 
90%  rig  -  10%  Ga 
98%  Hg  -  2%  Bi 
Hg  satd.  with  Cu 

#  Hg  satd.  with  Ir 
f  Hg  satd.  with  Rh 
f  Hg  satd.  with  Ru 

#  Hg  satd.  with  Pt 

#  Hg  satd.  with  Pd 

#  -ig  satd.  with  Au 

#  Hg  satd.  v/ith  Ag 
f  Hg  satd.  with  Ba 
i  Hg  satd.  with  Mn 

#  98%  Hg  -  2%  Ga  alloy 

satd.  with  T1 

#  95%  Kg  -  5%  Ga  alloy 

satd.  w:th  'ri 
I  98%  Hg  -  2%  Ga  ,aUoy 
satd.  with  In 

#  9-:%  Hg  -  5%  Ga  alloy 

satd.  with  In 


*#  Ga 


TABLE  m  (com. ) 


Those  Alloys  Which 
Caused  Rapid  Oxidation 
of  Magnesium 


Those  Alloys  Which  Did 
Not  Cause  Rapid  Oxidation 
oi  Magnesium 


=  i  Ga  satd.  with  Cu 
■f  Ga  satd.  with  Ni 
r§  90%  Ga  -  10%  Cd 


In  these  experiments  the  total  amount  of  oxidatioe  was  much  less 
than  with  pure  mercury. 

These  exn'-ime..ts  were  carried  out  with  99.95%  pure  Mg  All 
the  other  a::periments  were  carried  out  witii  99-99%  pure  Mg. 


STAINLESS  STEEL 


Samp*^s  of  3G4  stainless  steel  were  exposed  to  the  20  different 
liquid  m^'a!?  and  alloys  listed  below.  No  deleterious  effects  were  ob¬ 
served.  There  was  no  obvious  oxidation,  cracking,  or  loss  of  coherence. 


Hg 

95%  Hg  -  5%  T1 
80%  Hg  -  20%  T1 
70%  Hg  -  30%  Ti 
95‘S-  Hg  -  5%  In 
90^  Hg  -  10%  In 
80%  Hg  -  20%  In 
70%  Hg  -  30%  In 
95%  Hg  -  5%  Cd 
80%  Hg-18%  Tl-2%  Pb 


98%  Hg  - 
98%  Hg  - 
Ga 

95%  Hg  - 
90%  Hg  - 
75%  Hg  - 
80%  Ga  - 
65%  Ga  - 
95%  Ga  - 
Ga  - 


2%  Zn 
2%  Sn 

5%  Ga 
10%  Ga 
25%  Ga 
20%  In 
35%  In 
5%  Sn 
5%  Zn 


A  number  of  the  liquid  ...Ci  -1  ailc-vs  with  gallium  as  the  major  con- 
•nituent  ka-.  ihe  effect  of  reducing  cohc*  In  the  tin  samples.  Many  of 


i 


19. 


the  samples  broke  readily  along  grain  boundaries  when  a  weak  bending  force 
was  applied  with  a  pair  of  pliers.  In  no  case  was  rapid  oxidation  of  the 
samples  observed.  The  alloys  studied  and  their  effect  on  coherence  are 
given  in  Table  IV. 


TABLE  rv 

A  Tabulation  of  the  Liquid  Metals  and  Alloys  Which  Did 
and  Did  Not  Cause  a  Loss  of  Coherence 


Those  Alloys  Which 
Caused  .1  t^oss  of  Coherence 


Those  Alloys  in  Which  No 
Loss  of  Coherence  •  as  Observed 


Ga 

90%  Hg  -  10%  Ga 
80%  Ga  -  20%  In 
82%  Ga-12%  Sn-e%  Zn 
-0%  Ga-18%  In-12%  Sn 


Hg 

95%  Hg  -  5%  In 
90%  Hg  -  10“.j  In 
80%  Hg  -  20%  In 
98%  Hg  -  2%  Pb 
98%  Hg  -  2%  Zn 
98%  Hg  -  2%  Sn 
80%  Hg-18%  Tl-2%  Pb 
95%  Hg  -  5%  T1 
90%  Hg  -  10%  T1 
80%  Hg  -  20%  T1 
70%  Hg  -  30%  T1 
95%  Hg  -  5%  Ga 
98%  Hg  -  2%  Bi 
Hg  satd.  with  Cu 
Hg  satd.  with  Pt 
Hg  satd.  with  Pd 
Hg  satd.  with  Au 
Hg  "atd.  with  Ag 
Hg  satd.  with  Ba 
Hg  s?td. -with  Mn 
r' " ;  j .  with  Ir 
"Ig  said,  ••v’.tb  As 
Hg  satd.  with  Rh 
Hg  satd.  with  Mg 
Hg  3.itd.  with  Ru 
Ga  satd.  with  Pb 
Ga  satd.  with  T1 


-u. 


TABLE  IV  (coiu. ) 

Those  Alices  Which  Those  Alloys  in  Which  No 

Caused  a  Loss  of  Coherence  Loss  of  Coherence  was  Or>s..ved 

95%  Ga  -  5%  Zn 
95%  Hg  -  5%  Ga 
satd.  with  T1 
95%  Hg  -  5%  Ga 
satd.  with  ill 
9Z%  Ga  -  8%  Sn 
51%  Hg-41%  In-8%  Ti 
T3%  Hg-1?%  In-10%  11 

TITANIUM 

Tiiariiuni  samples  were  exposed  to  al>  oi  the  liquid  metals  and 
alloys  used  in  this  investigation.  In  no  case  was  there  any  evidence  of  oxi¬ 
dation,  cracking,  or  loss  of  coherence.  Along  with  the  EtOH-HCl  etchant 
used  with  other  metals,  studies  were  also  carricc  out  in  which  the  EtOK-HF 
and  2M  LCl-0. 2M  NaF  etchants  were  used.  The  use  of  fluorides,  known  to 
increase  the  activity  of  titanium,  were  without  effect  in  increasing  the  rate 
of  oxidation  or  in  promoting  a  loss  of  coherence. 

ZINC 

A  serious  loss  in  coherence,  with  rupture  primarily  along  grain 
b<'<;rdaries.  was  observed  with  all  the  liquid  metals  and  alloys.  The  loss  of 
cohf  rence  appeared  to  be  greater  in  the  case  of  those  alloys  in  wiucn  galliiun 
was  the  mafor  ccnstiluent  than  in  these  aii-^ys  in  which  was  the 

major  constituent.  No  apparent  incre-'ise  in  oxi-iation  was  observed. 


X 
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ZIRCONIUM 


None  of  the  liquid  metals  or  alloys  were  effecti.'e  in  causing  rapid 


oxidation  of  zirconium  or  resulted  in  any  obvious  lass  in  coherence-  Ex¬ 


periments  were  carried  out  with  both  the  siandai  EtOH-HCl  etchant  and  IM 


HF  with  similar  restilts. 


miscellaneous  EXPERIMENTS  WITH  ANTIMONY.  CADMIUM.  ■h-xnD_ 
SILVER 


Small  cylinders  of  cadmium  and  silver  w^re  severely  cold  worked  by 


means  of  hammering  and  a  cylinder  of  antin  ony  was  prepared  by  machining. 


A  drop  of  pure  gallium  was  placed  on  each  cylind^^  and  it  remained  in  con¬ 


tact  with  the  metal  for  '.0  hours.  Solidification  of  the  liquid  alloy  took  place 


on  the  antimony  and  silver  samples.  The  cadmium  sample  was  weakened  by 


this  exposure  because  it  readily  cracked  when  a  small  bending  force  was 


applied. 


A  simUar  experiment  was  carried  out  with  the  70%  Hg-30%  Ga  aUoy. 


Under  these  conditions  all  three  metals  suffered  a  ioss  of  coherence  and 


cracked  or  broke  when  a  small  bending  force  was  applied. 


IRON 


In  order  to  investigate  the  possibUity  of  cracking  of  hydrogen-charged 


sti-l  by  gallium  and  its  aUoys,  the  foliowmg  tests  were  made.  Couu..or. 


--l-l_roilod  steel  was  machined  into  fiat  -Jtscs  approxin.3-.~iT  *.8  cm. 


diameter,  1  mm.  thick  and  having  arpro.ximatvty  5  cm.^  total  surface  area. 


Each  sample  was  charged  with  hydiogc-  b,  making  it  the  cathode  in  a  1  N 


4 


K^SO^  solution,  with  a  current  density  of  40  mamp.  /cm.  Icr  fifteen  min¬ 
utes.  The  anode  was  a  coiled  platinum  wire.  After  charging,  the  samples 
were  rinsed  in  distilled  water,  dried,  ana  treated  with  a  gallium  alloy  and 
the  EtOH-HCl  etching  agent.  The  experiment  was  carried  out  at  room 
temperature  {25-30*C)  in  the  atmosphere  (75-95%  relative  humiuity).  Ine 
liquid  alloys  were  allowed  to  remain  in  contact  with  the  steel  discs  for  three 
days.  The  samples  were  then  examined  for  any  cracking,  pitting  or  oxi¬ 
dation.  The  liquid  metal  alloys  were  easily  removed  from  the  samples 
leaving  the  surface  clear  of  any  apparent  rust.  Close  examination  of  the 
samples  at  200-300  X  showed  minute  pits.  No  cracking  or  severe  damage 
was  observed.  A  very  slight  discoloration  was  observed  on  the  steel  direct¬ 
ly  \mder  where  the  liquid  metal  had  been  placed.  No  wide-spread  alloying 
or  penetration  could  be  detected.  After  visxial  inspection,  the  samples  were 
flexed  several  times  by  bending  with  pliers.  In  no  case  did  the  samples 
break  any  easier  than  the  untreated  samples,  and  it  is  ass\uned  that  no 
sirnificant  weakening  of  the  steel  wa^  caused  by  the  liquid  metals. 

Alloys  and  nr.etals  used  in  this  experiment  were  as  follows; 


G? 

92%  Ga  -  3%  Sn 
82%  Ga  -  15%  In 
70%  Hg  -  30%  Ga 


XV 


4 


y 


LOW  TEMPERATURE  STUDIES 

In  order  to  investigate  the  cracking  of  aluminum  and  magnesium 
samples  by  mercury  near  the  freezing  point  of  m‘-rr.ury,  a  special  reaction 
vessel  mas  constructed.  The  vessel  consisted  or  wo  pyrcx  tubes,  approxi¬ 
mately  9/16’’  inside  diameter,  6“  long,  each  sealed  flat  on  one  end,  ar-d 
connected  together  with  a  19/38  standard-taper  joint.  The  vessel  was 
mounted  in  a  vertical  position,  with  the  lowar  hadf  immersed  in  the  cooling 
bath.  The  upper  half  had  a  short  side  arm  tube  pt  ejecting  at  a  angle. 

The  end  of  the  r  •  'e  arm  tube  was  covered  with  a  rubber  diaphragm  containing 
a  small  pin  hole.  This  diaphragm  servec.  as  an  air -tight  opening  throuj^l 
which  a  finely -drawn  eye  dropper  was  inserted  when  admitting  the  etching 
solution  anil  liquid  metal  alloy.  At  the  extreme  upper  end  of  the  vessel  a 
drying  o  -enc  (Drierite)  was  packed  and  held  in  place  by  cotton  wadding. 

The  metal  samples  were  machined  in  the  shape  of  1/2”  diameter 
cylinders.  3/4”  long.  A  hole  was  drilled  in  the  end  of  each  cylinder  to 
acconomodate  a  thermometer  bulb.  Before  each  test  was  rtm,  the  vessel  was 
filled  wit'  -'Tgon  gas  and  sealed  to  keep  oxidation  at  a  minimum. 

The  cooling  liquid  was  chosen  according  to  its  freezing  point.  Since 


u.-  freezing  point  of  mercury  is  -38. 87  f.. ,  it  wa^  desir:  i  to  have  a  cooling 
trth  which  would  maintain  a  temperature  in  this  region,  Ethylenedichloride 
(M.P.  =  35,3*C.)  was  first  chosen,  but  "ter  it  was  *'und  that  pyridine 
(V  P.  =  sl.5*C.)  was  more  s«tisfactorv.  The  p/ridine  was  frozen  with  dry 
ice  and  acetone,  broken  up,  and  trassteirca  info  a  Deu-ar  flask  as  a  slush. 


The  reaction  vessel  was  lowered  into  the  cooling  bath,  and  the  temperature 
of  the  sample  soon  achieved  a  constant  value  of  approximately  -38*. 

In  general,  the  samples  were  unstressed  except  by  the  amount  in¬ 
duced  by  machining.  Several  samples,  however,  were  pre-stressed  with  a 
hydraulic  press.  These  sannples  appeared  to  be  attacked  the  greatest  amount. 

The  attack  by  pure  mercury  on  stressed  aluminom  indicated  deep 
penetration,  especially-  at  grain  boundaries.  Some  cracking  took  place  at 
^rain  boundaries,  but  to  a  much  lesser  degree  th-m  in  the  attach  by  pure 
gallium  at  roo'.n  .emperature.  The  attack  by  pure  mercury  ou  magnesium 
was  indeterminate;  very  little  surface  alloying  took  place,  but  this  was 
probably  due  to  the  short  period  of  time  that  the  reaction  was  allowed  to 
proceed.  iThe  cooling  bath  held  the  temperature  at  -38*  C.  for  about  6  or  7 
hours  «.  ly . )  The  only  <.pparent  reaction  was  the  small  amount  of  oxid:  .on 
by  air  leakage.  In  general,  the  amalgaxnation  processes  were  much  slower 
than  at  room  temperature.  £ven  the  initial  oxidation  process  was  slower 
when  the  cold  samples  were  exposed  to  air.  Mercury  alloys  seemed  to  be 
no-  more  -'fcctive  in  cracking  A1  or  Mg  than  the  ptire  metals. 


DISCUSSION 


In  this  survey  of  the  accelerated  corrosion  of  various  metals  by 
liquid  metals  and  metallic  salts,  two  outstanding  examples  have  been  noted: 

1}  the  rapid  oxidation  of  aluminum  and  ;  magnesium  in  the  presence  of  mt.- 
cury  and  its  alloys,  and  Z)  the  cracking  and  loss  of  internal  cohesion  oi  ruci. 
metals  as  aliiminum,  zinc,  silver,  cadmium,  lead  and  tin  in  the  presence  oi 
gallium  and  its  alloys.  Metals  having  an  exceptionally  protective  oxide  film 
had  very  high  resistance  to  attack  by  the  lie  'id  metals.  Such  were  the  cases 
with  titanium.  rirca^oy-Z,  and  stainless  steel.  The  use  of  fluoride  et''hing 
agents  -  materials  which  are  known  to  destroy  passivity  in  some  metals  - 
did  not  render  these  metals  susceptible  to  attack  by  liquid  alloys.  Copper 
was  wet  by  many  of  the  liquid  alloys  but  no  apparent  catastrophic  deterioration 
of  the  m«tal  occ\irred. 

Mercury  alloys  of  platiniun,  palladium,  gold,  silver,  rutheniiun, 
iridium,  and  rhodium  were  no  more  effective  than  pure  mercury  in  the 
attack  on  aluminiun  or  magnesium.  The  most  effective  liquid  metal  alloy  in 
the  attac:.  on  aluminum  was  the  80%  Hg-Z0%  T1  alloy;  the  most  effective 
l:•':"!d  metal  alloy  in  the  attack  on  magnesium  was  the  95%  Hg-5%  In  alloy. 

The  cracking  of  aluminum  by  gallium  and  its  alloys  has  been  studied 
at  loom  temperature.  This  temperature  is  near  the  net?'— .g  point  of  gallium. 
It  is  thought  that  penetration  of  the  samples  by  gallium  might  be  followed  by 
a  local  solloification  of  an  alloy  in  very  s.  r;l  crevices.  Possibly,  this 


freezing  would  lead  to  stresses  great  enough  to  promote  cracking  or  los*:  of 
coherence.  Experiments  at  low  temperatures  near  the  freezing  point  of 
merctiry  have  given  some  indication  that  this  may  be  so  since  the  aluminum 
samples  appeared  to  show  a  loss  in  coherence  v.-ht  a  exposed  to  mercury  at 
temperatures  first  above  the  melting  point. 

Pre-stressed  samples  are  known  to  be  highly  embrittled  by  i-quid 
metal  attack.  For  example,  when  pre-stressed  silver  was  exposed  to  the 
70%  Hg-30%  Ga  alloy,  the  sample  broke  apart  easily  when  a  bending  force 
wae  applied.  No  mally,  silver  is  highly  ductile. 


PART  B 


"Catalytic  Acceleration  of  the  Corrosion  of  Aluminum. 
Iron,  and  Copper  in  Aqueous  Solution  at  Room  Temperature" 

By 

David  A.  Jackson,  Jr. ,  and  Henry  L.eidheiser,  Jr. 
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ABSTRACT 


The  corrosion  of  iron  in  mineral  and  fruit  acids  at  room  temperat--re 
is  greatly  accelerated  in  the  presence  o*  Group  Vm  metals  present  originally 
in  the  solution  in  the  ionic  state.  The  average  relative  effectiveness  decreased 
in  the  order:  platintun,  rhoditjun,  palladium,  iridium,  ruthenixun.  osmium, 
cobalt,  and  nickel.  The  mairimiim  corrosion  rates  in  IN  and  ZM  solutions 
were  100-180  mg.  /cm.^/hour.  These  rates  appeared  to  be  limited  by  diffusion 
of  the  reactants  to  or  the  products  away  from  che  surface.  Very  rapid  corro¬ 
sion  of  iron  was  obtained  in  2N  acids  containing  10“'*M  PtCl^  and  0.  Nal. 
Severe  pitting  and  perforation  of  a  1/4“  thick  sample  as  well  as  dislodgement 
of  fragments  from  the  sample  were  observed.  A  series  of  experiments  carried 
out  as  a  fwinction  of  pH  indicated  that  iron  begins  to  corrode  at  an  appreciable 
rate  below  pH  5. 

Very  rapid  corrosion  of  altmainum  and  a  number  of  alloys  at  room 
temperature  was  obtained  in  noineral  acids  containing  ions  of  the  platinum 
metals,  mercury,  or  coxnbinations  of  two  metals.  Rates  as  high  as  ZOO  mg.  / 
cm.  ^/hour  were  obtained  in  ZN  HCl.  Pure  aluminum  corroded  at  a  rate  in 
»ccss  of  1  mg.  /cm.  2/hr.  in  water  and  ZN  NaCl  containing  lO'^M  Hg(II)  plus 


IndG-. 


The  platinum  metals  were  not  etfei  '-ve  in  increas:rig  tae  corrosion 


rate  of  copper  in  ZN  HCl  or  H^SO,:  at  room  temperature.  Palladium,  platinum, 
and  rhodiun'..  originally  present  as  ions,  •.■>  '-r  ef 'active  in  inhibiting  Ihr  corro¬ 
sion  of  copper  in  ZM  HNO3;  <11  room  temperature. 


N 
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INTRODUCTION 


Previous  studies  indicated  that  the  platinum  metals  are  very  effective 
in  increasing  the  rate  of  corrosion  of  mitals  in  various  acids  at  the  boiling 
point  (1.2).  The  motivation  for  the  experiments  summarized  herein  was  to 
ixiake  a  survey  of  the  effect  of  the  Group  VIII  metals  on  the  corrosion  of  iron, 
aluminum,  and  copper  in  order  to  choose  a  system  for  quantitative  study  as 
well  as  to  assist  in  asking  significant  questions.  As  the  work  progressed,  it 
was  decided  to  investigate  also  the  effect  of  mercury  and  indium  on  the 
corrosion  of  aluminum  and  its  alloys. 

Quantitative  and  sophisticated  experiments  were  not  carried  out  as 
originally  planned  because  the  decision  was  made  to  place  major  emphasis 
on  a  qxiantitative  study  of  the  oxidation  of  aluminum  in  contact  with  mercuric 
iodide  in  an  atmosphere  of  moist  air.  These  experiments  are  summarized  in 


Part  D  of  this  report. 


EXPERIMENTAL 


jV. 


Metals  Used 

Iron.  Rods,  0.5*'  in  diameter,  oi  Fevrova*-  E  iron  were  obtained 
from  the  Crucible  Steel  Company  and  had  the  following  percentage  analysis; 


c 

Mn 

P 

s 

Si 

Ni 

0.007 

0.002 

0.002 

0.  007 

0.006 

0.02 

Cr 

V- 

« 

Mo 

Cu 

A1 

0.01 

0.008 

0.02 

0.  02 

0.006 

0.010 

Co 

N 

02 

K2 

0.006 

0.  00043 

0. 0057 

0. 000050 

Alvm’num.  Five  standard  types  of  alumintun  alloys  and  two  high 


purity  al  •mirsita  samples  were  obtained  from  the  Reynolds  Metals  Company 


and  had  the  following  percentage  analysis: 

Alloy  Others 


Designation 

Si 

Fe 

Cu 

Mn 

Mg 

Cr 

Zn 

Ti 

Each  Total 

A1 

EC  Hill 

— 

— 

— 

— 

— 

— 

— 

— 

-  - 

99.45 

min. 

2014 

.8 

— 

4.  5 

.8 

-  4 

--- 

— 

... 

-  ---remain 

der 

t/i-. 

9.5 

— 

— 

— 

.  5 

— 

— 

— 

—  — 

11 

545r 

.  14 

.26 

.  12 

.78 

5  35 

.  i-- 

.  07 

.03 

.05  .15 

max.  max. 

II 

6:0j 

.  5 

— 

— 

— 

.  5 

— 

— 

— 

-  — 

1? 

7079 -T6 

—  —  — 

.2 

3.3 

.  15 

4.  .> 

_ _ 

_ - _ _ 

1* 

.0001 


n _ 


---  99-99S6 


R-5-0-S 


.0003  -- 


«  V  . 


min. 


Copper.  S.imp’ios,  99.999%  pure,  was  obtained  from  the  American 
Smelting  and  Refining  Company  in  the  form  of  rods,  3/8”  in  diameter.  Cor¬ 
rosion  samples,  1/4"  in  length,  were  machined  from  the  rods. 

Procedure 

The  iron  samples  were  machined  in  the  form  of  flat  cylinders  approxi¬ 
mately  0.  50"  diameter  and  0.25"  in  length.  Degreasing  with  ethyl  ether  was 
followed  by  slightly  etching  the  samples  in  boiling  dilute  HCl  or  H2SO.^, 
rinsing  in  distilled  water,  and  drying  under  a  heat  '.amp. 

The  alun  i  -.urn  alloys  were  received  in  the  form  of  0.  25"  ;iat  sheets 
several  inches  long,  cast  pigs,  or  cast  rods  0.  625'  diameter,  rumples, 

0.  50"  in  diameter,  were  punched  out  with  an  hydraulic  punch  and  tae  from 
the  flat  shee.a.  These  punched  samples  were  distorted  so  that  further 
machinin  was  necessary  to  obtain  a  uniform  sample  size  of  approximately 
0.47"  diameter  and  0.25"  in  length.  Samples  cut  from  the  cast  pigs  or  cast 
rods  were  somev.-hat  larger  (0.50"  in  diameter  and  0.25"  in  length). 

Each  sample  was  lightly  etched,  washed,  and  dried  just  prior  to  the 
individual  :periment.  The  samples  were  placed  in  flasks  containing  the 
various  salt -acid  solutions,  allowed  to  remain  for  the  desired  length  of  time 
wi-nout  stirring  at  room  temperature,  a-.o  finally  -'•movr-'.  rinsed  in 
diatflled  water,  dried,  and  weighed  to  determine  the  loss  due  to  corrosion. 
Surface  area  measurements  were  made  v-  :h  the  help  e"  a  micrometer ,  and 
th®  values  for  the  corrosion  rates  as  v»e'3ht-loss  per  squa.'e  centimeter 
were  calculated.  It  should  be  noted  liiat  »»  ma^-y  rases  the  almninum  samples 


<mvi 


underwent  a  great  decrease  in  size.  The  corrosion  rates  were  calculat«.d  on 
the  basis  of  no  change  in  surface  area,  however.  Thus  the  calculated  cor¬ 
rosion  rates  were  somewhat  less  than  if  the  change  in  surface  area  had  been 
taken  into  account. 


I 

I 


I 
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RESULTS  WITH  IRON 


Corrosion  in  HCl.  The  results  obtained  in  IM  HCi  over  a  perioo  of 
24  hours  in  the  presence  of  10"'^M  Group  VIII  chl'-idc  are  sununarized  in 
Figure  1.  Similar  experiments  in  the  presence  of  10“'M  Group  VIII  chloride 
are  summarized  in  Figure  2. 

The  results  obtained  in  2M  HCl  containing  lO'^^M  Group  Vni  chloride 
over  a  period  of  60  minutes  are  summarized  in  Figures  3  and  4.  Since  the 
vertical  scale  i'-  -  o  different  in  the  i.'wo  figures,  data  for  ruthenl  im  are  given 
in  both  figures  in  order  to  relate  the  two  figures  batt,ir. 

It  will  be  noted  that  platinum  was  the  most  elective  in  all  mstances 
in  causing  vcry  rapid  corrosion;  rhodium,  palladium,  and  ruthenium  were 
interme  ’iate  tn  effectiveness;  and  iridium,  osmium,  nickel,  and  cobalt  were 
in«s£fective.  Additions  of  platinum  to  the  acid  caused  the  corrosion  rate  of 
iron  to  increase  by  almost  three  orders  of  magnitude. 

Corrosion  in  H2SO4.  The  results  obtained  in  0.  5M  H2SO^  over  a 
period  cf  ■’<1  hours  are  given  in  Figure  5  for  lO'^M  added  Group  Vm  chloride 
and  in  Figure  6  for  lO'^M  Group  Vm  chloride.  It  will  be  noted  that  platinum 
v.-.=  the  most  effective  in  increasing  Ih  ‘.'ate  in  this  med’-um  also,  and  nickel 
an'’  cobalt  were  relatively  ineffective. 

Mixtures  of  Group  Vin  Chl'>vides  It  was  nert  of  mtcre-it  to  deter - 
rr-ne  if  mixtures  of  two  of  tile  Gi  oup  v’tU  chlorices  were  any  more  effective 
than  single  additions  of  a  Group  VDi  vitlcr «ue.  The  first  experiments  were 
carried  out  with  platirom  chloride  ^-ins  of  ..  second  Group  Vm 
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The  corrosion  of  iron  in  IM  HCl  in  the 
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chloride  in  IM  HCl.  Since  the  rates  in  the  presence  of  platinum  were  so 
great,  it  was  necessary  to  limit  the  experiments  to  one  hour.  The  resui*s 
of  these  experiments  are  summarized  in  Table  !.  Experiments  with  other 
mixtures  are  summarized  in  Tables  n  -  V. 


TABLE  I 


The  Corrosion  of  Iron  in  IM  HCl  at  Room  Temperature  in  ih-; 
Presence  of  lO'^M  Each  of  Two  Group  VUI  Chlorides. 


Mixture  of  lO'^M  of  each 


Weight  loss  in  1  hour  in  mg.  /cm.  ^ 


Pt  and  Co 


Pt  and  Ni 


Pt  and  Ru 


Pt  and  Rh 


Pt  and  Pd 


Pt  and  Os 


Pt  and  Ir 


Pt  alone 


TABLE  II 


The  Corrosion  of  Iron  in  IM  HCl  at  Room  Temperature  in 
Presence  of  10~'^M  E^ch  of  Two  Group  VIII  Chlorides. 

Mixture  of  lO'^^M  of  each 

Weight  loss  in  1  hour  in  mg 

Pt  and  Co 

96 

Pt  and  Ni 

96 

Pt  and  Ru 

90 

Pt  and  Rh 

94 

Pt  and  Pd 

100 

Pt  and  Os 

7S 

Pt  and  Ir 

89 

Pt  alone 

99 

TABLE  HI 


The  Corrosion  of  Iron  in  0. 5M  H2SO4  at  Room  Temperature  in 
the  Presence  of  10“^M  Each  of  Two  Group  VIH 
Chlorides. 


Mixture  of  iO~^M  of  each  Weight  loss  in  1  hour  in  mg.  /cm. 


Pi  and  Co 

109 

Pt  and  Ni 

99 

Pt  and  Ru 

3fc 

Pt  and  Rh 

76 

Pt  and  Pd 

82 

Pt  and  Os 

S3 

Pt  and  It 

83 

2 


Pt  alone 


104 


xlBCf 


-3  J  W  .  O 


"  “  ”, 


TABLE  IV 


The  Corrosion  of  Iron  in  0.  5M  H2SO4  at  Roo*n  Temperature  in 
the  Presence  of  I0"^M  Each  of  Two  Group  VIII  Chlorides.. 


Mixture  of  of  each 

Pt  and  Co 
Pt  and  Ni 
Pt  and  Ru 
Pt  and  Rh 
Pt  and  Pd 
Pt  and  O* 

Pt  and  Ir 
Pt  alone 


Weight  loss  in  i  hour  in  mg.  /cm,- 


TABLE  V 

The  Corrosion  of  Iron  in  2M  HCl  at  Room  Temperature  in  the 
Presence  of  Each  of  Two  Grouo  Vm  Chlorides. 


Mixture  of  10~^M  of  each 


Weight  loss  in  1  hour  in  mg.  /cm.^ 
Mixture  Second  metal  alone 


Ru  and  Co 

10 

0.5 

Ru  and  Ni 

10 

0. 1 

Ru  and  Rh 

186 

189 

Ru  and  Pd 

IZd 

39 

Ru  and  Os 

,  C 

V  l> 

Ru  and  Ir 

30 

0.5 

Ru  and  Pt 

-  •  *7 

310 

Ru  alone 

10 

tffW 
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It  was  recognized  as  these  experiments  were  proceeding  that  rates 
obtained  in  the  presence  o£  platinum  were  probably  the  maximum  that  could 
be  obtained  under  the  conditions  used.  It  thus  became  apparent  thai  ii  a:./ 
syneig.stic  effect  was  to  be  found,  it  should  be  sought  in  systems  in  which 
neither  of  the  two  species  were  very  active  when  used  singly.  Experiments 
were  thus  carried  out  in  2M  HCl  with  mixtures  of  osmium  and  cobalt 
(l^igure  7),  of  osmium  and  nickel  (Figure  3),  and  of  iridium  with  osmium, 
cobalt,  and  nickel  (Figure  9).  It  will  be  noted  that  in  all  cases  tha  rate  of 
corrosion  in  the  oresence  of  the  two  metals  was  greater  than  tb=;  s>am  of  their 
effects  singly.  Additional  experiments  must  be  carried  out  to  confirm  this 
observation  and  to  determine  why  this  is  true. 
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Figure  8.  The  corrosion  of  iron  in  EM  HCl  in  the 
presence  of  10"^M  Group  Vm  chloride. 
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Corrosion  in  the  Presence  of  Platinum  Chloride  and  an  Inert  Sa^  The 
rate  of  corrosion  of  iron  was  determined  in  2M  HCl  containing  approximately 


a  2M  concentration  of  an  inert  salt  and  lO'^M  platinum  chloride.  The  results 
of  this  study  are  given  in  Table  VI. 


TABLE  VI 


Effect  of  the  Addition  of  an  Inert  Salt  to  a  Concentration  of  Approximately  aM 
on  the  Corrosion  of  Iron  in  2M  HCl  Containing  lO'^  r-iatinum  Chloride 


Weigh  loss  in  mg.  /cm.  ^ 


Added  Salt 

1  hour 

3  hours 

24  hours 

• 

Blank  (lO-^M  Pt) 

310 

449 

lOCl 

% 

LiF 

58 

104 

245 

« 

NaF 

2.95 

4.  1 

14.4 

KF 

0.013 

si.  gain 

0.49 

1 

LiCl 

155 

270 

942 

NaCl 

142 

208 

948 

KCl 

22 

143 

397 

MaBr 

177 

274 

858 

,  1 

i-il 

146 

143 

827 

Nal* 

2. 1 

18.  7 

:64 

Al2(S04)3 

*  -  Corrosion  in  this 

120 

519 

7v 

case  w  s  by  pitting 

and  by  dislodg 

ement  of  fragments 

1 

which  fell  to  bottom  kh.  flask. 

r — 


ss-l 
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Previous  experiments  have  shown  that  platinum  is  a  very  effective  activator 
for  the  corrosion  of  iron  in  both  mineral  and  fruit  acids  (1).  It  is  also  v/ell 
known  that  certain  materials  ’  *e  very  effectiv*-.  ii.  inhibiting  tbs  corrosion  of 
iron  in  many  cases  by  the  f.’"  ation  of  a  protective  film  on  the  surface.  The 
purpose  of  these  experiments  was  to  determine  if  a  combination  of  an  activat¬ 
ing  agent,  such  as  platinum,  and  a  film-forming  substance,  such  as  SnCl2, 
might  have  the  net  effect  of  concentrating  the  attack  at  a  few  locations  with 
consequent  decy  yitrSng  or  perforation  of  the  sample.  Resiilts  cotained  in 
2N  HCl,  2N  H2SO4.  2N  citric  acid,  and  2N  formic  acid  containir.g 
PtCl4  in  the  presence  of  0. 5M  and  0.  IM  additions  of  potassium  dichromate, 
sodium  iodtee,  lead  chloride,  tin  chloride,  and  sodium  phosphate  are 
summa  *7.ea  in  Tables  vn  and  vm. 

It  will  be  noted  from  Table  Vn  that  the  most  effective  combination  of 
activator  and  inhibitor,  insofar  as  perforation  is  concerned,  is  platinum 
plus  Nal.  In  fact,  in  HCl  the  iron  sample  was  completely  perforated  in  6 
places.  '”'.;en  the  sample  was  held  up  to  the  light,  the  perforation  was 
readily  observed.  Further  studies  should  be  carried  out  using  SnCl^  as  an 
innioltor  at  a  series  of  concentrations  oeiow  0.  1''  This-  concentration  is 
apparently  too  high  and  almost  complete  protection  was  obtained  in  ail  fovif 
acids.  It  also  appears  desirable  to  carr„  out  additio"  il  experiments  using 
e»'-er  alkali  metal  halides  in  place  oi  Si  1. 


T 
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TABLE  Vn 

The  Corrosion  of  Ferrovac  Iron  in  Acids  in  the 
Presence  of  10"'^M  PtCl^  and  Various  Inhibitors  at  Room 
Temperature  in  Z4-Hour  Period 


Acid 

Added 

Inhibitor 

Weight  i^oss 
in  mg.  /cm.  ^ 

Remarks 

2N  KCl 

0.  5M  K2Cr207 

197  mg. 

general  corrosion  with 
even  pitting 

0-  5M  Nal 

990 

severe  corrosion  with  complete 
perforation  oi.  sample  in  6  place* 

0.  PbCl2 

42 

some  pitting,  not  seve'^e 

0. 5M  SnCl2 

nil 

several  small  pits 

0. 5M  Na3P04 

545 

general  corrcsion  with  large, 
shallow  pits 

2N  H2SO4 

0.  SM  K2Cr207 

215 

uneven  corrosion,  general  pitting 

0. 5M  Nal 

940 

uneven  corrosion,  12  deep  pits 

0, 5M  PbCl2 

222 

deep  pitting  in  center 

0. 5M  SnCl2 

nil 

no  pitting 

0. 5M  Na3P04 

990 

even  corrosion  with  12  pits 

2N  citric 

0.  5M  K2Cr207 

nil 

no  corrosion  or  pitting 

0. 5M  Nal 

315 

rough  surface,  8  pits 

-  0. 5M  PbCl2 

n>l 

no  corrosion  or  pitting 

C.  5M  SnCl2 

nil 

r.a  cor-'-sun  or  pitting 

0. 5M  Na3pC4 

about  12  small  pits 

2N  formic 

0.  5M  K2Cr207 

nil 

no  corrosion  or  pitt^-.g 

0.  5M  Nal 

380 

rough  .'•■’■face,  15  pits 

i 


i 


TABL.E  Vn  (cont. ) 
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Acid 

Added 

Inhibitor 

Weight  Loss 
in  mg.  / cm.  ^ 

Remarks 

2N  formic 

0. 5M  PbCl2 

35 

Pb  deposited  out 

0. 5M  SnCl2 

nil 

no  corrosion  or  pitting 

0. 5M  Na2P04 

16Z 

no  pitting 

I 


i 


TABLE  vrn 


The  Corrosion  of  Ferrovac  Iron  in  Acids  in  the 
Presence  of  iO'^^M  PtCl^  and  Various  Inhibitors  at  Room 
Temperature  in  24 -Hour  Period 


Acid 

Added 

Weight  '-iOss 

Remarks 

Inhibitor 

in  mg.  /cm.  ^ 

2N  HCl 

0.  IM  K2Cr207 

475 

general  corrosion,  even 
pitting 

0.  IM  Nal 

350 

rougn  surface,  uneven 
pitting 

0.  IM  PbCl2 

40 

small,  scattc  ed  pits 

0.  IM  5nCl2 

1.2 

a  lew  small  pi?  s 

0.  IM  Na3P04 

860 

general  corrosion,  large 
pits 

blank 

955 

general  corrosion,  large 
pits 

2N  H2SO4 

0.  IM  K2Cr207 

68 

general  corrosion,  fine 
pits 

0,  IM  Nal 

220 

uneven  pitting 

0,  IM  PbCl2 

178 

uneven  pitting 

0,  IM  SnCl2 

2.2 

no  pitting 

0.  IM  Na3p04 

530 

general  corrosion, 
mediup".  -size  pits 

blank 

325 

general  cerresion,  large 
reed  i-j--size  nits 

2N  cirric  0.  IM 

0.  IM  Nal 
0.  IM  PbCl2 


nil 


no  corrosion 
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Corrosion  in  Organic  Acids.  Results  are  summarized  in  Table  F? 
for  experiments  carried  out  for  3  hours  in  2N  acids  containing  10~^M  added 
Group  Yin  metal.  Table  X  summarizes  similar  experiments  for  an  immersion 
time  of  24  hours  and  includes  results  for  distilled  water  and  2N  sodium  c'*'’  ■'ride 
solution. 

Rapid  rates  of  corrosion  were  obtained  in  malic,  formic,  citric,  and 
acetic  acids  and  a  low  rate  of  corrosion  was  obtained  in  ''relic  acid.  The 
latter  result  is  presumably  attributable  to  the  low  solubility  ol  ferrous  oxalate. 

TABLE  JX 

The  Effect  of  lO'^M  Group  Vin  Metal  Ions  on  the  Corrosion  of  Iron  jn 

2N  Organic  Acids 

Total  immersion  time:  3  hours  Corrosion  rates  listed  in  mg.  Fe/cm.  ^/hr. 


Metal  Ion 

Malic 

Formic 

Oxalic 

Citric 

Acetic 

Blank 

0.066 

0.15 

neg. 

0.026 

0.053 

Co 

0. 033 

0. 14 

neg. 

0.79 

0.04 

Ir 

1.8 

1.6 

neg. 

1.5 

1.4 

Ni 

0.039 

0.18 

neg. 

0.079 

0.079 

0,50 

0. 60 

neg. 

0.32 

0.29 

4.3 

3.9 

neg. 

3.6 

1.2 

Rh 

3i 

2.8 

neg. 

13 

6. 4 

R' 

0.28 

0,16 

neg. 

0.27 

0.51 

Pi 

21 

30 

V. 

If 

V.5 

I 


54. 
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In  general,  it  will  be  noted  that  platinum,  rhodium,  and  palladium  were  most 
effective,  iridium,  osmitun,  and  ruthenium  were  of  intermediate  effective¬ 
ness.  and  nickel  and  cobalt  were  relatively  ineffective.  These  restilts  agree 
in  a  qualitati  e  way  with  those  obtained  previously  at  the  boiling  point  in 
0.2M  citric  acid  (1). 


TABLE  X 

The  Effect  of  lO'^^M  Group  VIP  Metal  Ions  in  the  Corrosion  of  Iron  in 
2N  Organic  Acids.  Distilled  HgO  and  2N  NaCl 

Total  imnaersion  time;  24  hours  Corrosion  rates  listed  in  mg.  Fe/cm.  2/hr. 


Metal  Ion 

Malic 

Formic 

Oxalic 

Citric 

Acetic 

Distilled 

Water 

Sodium 

Chloride 

Blank 

0.045 

O.li 

neg. 

0.  040 

0. 12 

neg. 

neg. 

Co 

C.053 

0.10 

neg. 

0.032 

0.032 

0.006 

0.001 

Ir 

2.2 

1,3 

neg. 

1.6 

1.9 

0.017 

0.014 

Ni 

0,042 

0.35 

neg. 

0. 052 

0. 07 1 

0.010 

0.010 

Os 

0.56 

0.60 

neg. 

0. 66 

2.5 

0.046 

0.042 

Pd 

2.8 

2.2 

0. 057 

2.4 

1.8 

0.  047 

0.017 

Rh 

20 

1.7 

0.048 

5.5 

2.0 

0.050 

0.021 

Ru 

1.7 

0.40 

0.070 

1.7 

1. 1 

0. 039 

0.027 

Pt 

5.1 

12 

0.  090 

4.6 

3.0 

0. 12 

0.045 

The  fastest  corrosion  rate  (31.4  mg.  /cm.“/br.)  was  obtained  in 
m'Slic  acid  containing  10”^M  rhodium.  Ihe  second  fastest  corrosion  rate 
1/-T.9  mg.  /cm. ^/hr.)  was  obtained  in  formic  ac.d  containing  10~^M  platinum. 

The  great  acceleraiica  of  the  cor-osion  ol  aluminum  by  mercury 
:-ggested  that  it  might  be  auvisable  to  dcicrmme  if  the  presence  of  both  a 
platinum  metal  and  mercury  in  sciuliun  -•.-••uld  accelerate  the  corrosion  of 
iron  over  and  above  that  ofatamed  in  the  piasence  of  the  :  latinum  metal  alone. 


A  series  of  experiments  to  test  this  possibility  is  siunmarized  in  Table  AI. 


The  presence  of  mercury  decreased  the  effectiveness  of  platinum  in  malic, 
formic,  citric,  and  acetic  acids,  as  might  be  expected  since  mercury  is  a 
•well-known  poison  for  the  hydrogen  evol-ution  reaction.  In  malic  acid.  V-  - 
ever,  the  effect  of  platinum  plus  mercury  was  slightly  greater  thai  the 
of  platinum  alone. 

TABLE  XI 

The  Effect  of  10“^  Pt"*”^  Ion  and/or  lO'^M  ^  g"*^^  Ion  on  the  Corrosion 
of  Iron  in  2N  Organic  Acids 


Total  immersion  time:  3  hours  Corrosion  rates  listed  in  mg.  Fe/cm.^/hr. 


Metal  Ion 

Formic 

Oxalic 

Citric 

Acetic 

Blank 

0.066 

0. 15 

neg. 

0.026 

0.053 

Pt 

21 

30 

C.  i9 

16 

7.5 

Hg 

ncg. 

neg. 

neg. 

neg. 

neg. 

Pt  +  Hg 

25 

9.0 

0. 19 

11 

5.2 

The  Corrosion  of  Iron  in  the  pH  Range  of  4-10.  A  series  of  experi¬ 
ments  was  carried  out  to  determine  the  effect  of  pH  on  the  corrosion  of  iron. 
Uxuig  (3)  has  already  made  experiments  of  this  type,  but  it  appeared  advisable 
to  •reproduce  these  results  as  a  preliminary  to  experiments  of  another  type, 
fr  -  -is  lelt  that  future  experiments  might  be  cart  Led  out  in  an  effort  to  find  an 
agent  which  -was  active  in  promoting  ihe  -orrosion  o:  irsn  •:-  .■noderate  pH's. 
Specifically,  it  was  considered  possible  that  au  .agent  might  be  fotind  that 
would  promote  the  dissolution  of  •■ron  by  -..o^ar  in  the  same  way  that  mercury- 
salts  promote  the  corroricn  of  aluminum  by  •water. 


I 


Measurements  were  carried  out  on  cylindrical  iron  samples,  7.5  cm.^ 
in  surface  area,  and  polished  in  the  corr.mercial  chemical  polishing  reagent, 
MirroFe.  The  samples  wer  •  exposed  tc  100  ml.  of  a  qujescent  solution  for 
72  hours  in  a  water  bath  thermostated  at  ..O'.  A  pH  range  of  4-6  was  obta-.-ed 
with  mixtures  of  KHCgH^O^  and  NaOH;  a  range  of  6-8  was  obtained  .viili 
mixtures  of  KH2PO4  and  NaOH  in  one  case  and  mixtures  of  CK^COOH  and 
CHgCOONa  in  another  case;  and  a  range  of  8-10  was  obtained  with  mixtures 
of  H3BO3  and  NaOH. 

The  losses  in  weight  of  the  samples  are  summarized  in  Figure  10. 
Active  corrosion  of  the  samples  began  at  pH  6  and  increased  in  amount  with 
decrease  in  pH.  Active  rusting  began  at  pH  7. 8  with  the  formation  of  a 
reddish-brown  coating.  Above  pH  8.45  the  rust  had  both  a  brown  and  green 
appearauce.  In  the  intermediate  range  of  pH  6-8.4  the  samples  retained  their 
bright  appearance  particularly  in  the  case  of  the  solutions  buffered  with  phos- 


mi 


RESULTS  WITH  ALUMINUM 


Five  standard  aluminum  alloys  and  two  samples  of  pure  aluminum 
were  exposed  to  2N  HCl,  HNO3,  and  containing  iO'^M  mercury, 

indium,  rhodium,  or  thaUium  ions  and  various  mixtures  of  these.  The  pur¬ 
pose  of  these  experiments  was  twofold:  (!)  to  determine  if  other  ions  were 
as  effective  as  mercury  in  accelerating  the  corrosion  of  aluminum  and  (2) 
to  determine  if  mixtures  yielded  any  synergistic  acuon. 

The  result?  obtained  with  HCl  are  summarized  in  Tables  Xn  and  Xni: 
the  results  obtained  with  H2SO4  are  summarized  iu  Tabl.  XIV ;  and  the  re¬ 
sults  obtained  with  HNO3  are  summarized  in  Table  XV. 

Results  in  2N  HCl.  In  all  but  two  cases  the  corrosion  rate  was  greater 
in  the  presence  of  mercury  or  rhodium  ions  than  the  blank  rate.  The  largest 
increase  in  rate  was  observed  in  the  case  of  99.999%  pure  aluminum.  Ad¬ 
ditions  of  small  amounts  of  indium  or  thallium  ions  resulted  in  corrosion 
inhibition,  except  in  the  case  of  type  7079-T6  alloy  in  the  presence  of  indium. 

Synergistic  action  was  observed  in  four  instances  as  denoted  by  the 
asterisks.  Only  in  the  case  of  the  99-999%  pure  aluminum  was  the  effect 
grso'  enough  to  be  certain  that  it  was  outside  the  ability  to  reproduce  eac- 
pei  1  ■  ".ental  resiilts. 

A  summary  of  all  the  experiments  ca'^ried  out  on  puv  aluminum  in 
2N  HCl  are  summarized  in  Table  XIlI.  It  will  be  noted  that  the  most  effective 
single  add--;on  was  ruthenium.  T.nis  is  ir.  •  reement  with  experiment?!  re¬ 
sults  published  previously  on  the  corrosion  of  pure  alumi  -un  in  boiling  2N 
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TABLE  Xii 

The  Effect  of  Various  Metal  Ions  (lO'^M)  on  tiie  Corrosion  of  Alujninum 

Alloys  in  2N  HCl 

Total  immersion  time:  1.5  hours  Corrosion  rates  listed  in  mg.  Al/cm.  ^/min. 


Alloy 

BlauV 

Hg 

In 

Hg&In 

Rh 

RhStHg 

RhStli.- 

n 

Tl&Hg 

E.C.Hm 

0.29 

3.0 

0.001 

1.4 

1.7 

2. 1 

1.7 

0.  002 

G.  003 

7079 -T6 

2.9 

3.2 

3.9 

2.8 

4.0 

3.6 

3.5 

1.3 

1.5 

5456 

3.4 

3.5 

2.2 

2.4 

3.0 

3.6 

3.3 

1.5 

2.3 

360 

1.3 

1.1 

0.19 

0.16 

2.5 

2.5 

2.5 

0.25 

0.025 

6101 

0.28 

1.4 

0. 002 

1.0 

1.5 

2.0 

1.8* 

0.011 

0.022 

2014 

2.4 

4.7 

0.12 

0.41 

3.3 

3.4 

3.4 

0.21 

0.54 

R-5-9‘s 

0. 001 

0.30 

neg. 

3.4'*' 

1.2 

3.3* 

1.3 

neg. 

0.36* 

! 
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TABLE  Xm 

The  Effect  of  Various  Metal  Ions  (10""M)  on  the  Corrosion 
of  R-5-9's  Aluminum  in  2N  HCl 

Total  immersion  time;  J.5  hours  Corrosion  rates  listed  in  mg.  Al/cm.  /min 


Metal  Ion 


Corrosion  Rate 


Blank 

0. 001 

Pt 

0.41 

Pd 

0,30 

Os 

0. 10 

It 

0.090 

0.0091 

Co 

0.  001 

Ni 

0.  004 

Ru 

3.3 

Rh 

1.2 

Cu 

0.26 

Hg 

0.30 

In 

neg. 

T1 

neg. 

RubRh 

3.3 

RutcHg 

1.2 

Rutcin 

3,2 

Rhkin 

1.3 

CuCcRu 

3.4 

Cu«cRh 

1.6* 

Cu&Hg 

1. 1* 

Cufcin 

0.  086 

HcScIn 

3.4* 

Hg&Rh 

3.3* 

HgfcTl 

0.36* 

I 


TABLE  XIV 
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The  Effect  of  Various  Metal  Ions  (10 


M)  on  the  Corrosion  of  Aluminum 


Alloys  in  2N  H2SO4 


Total  immersion  time:  1.5  hours  Corrosion  rav.  ^  listed  in  mg.  Al/crc.^/min 


Alloy 

Blank 

Hg 

In 

Hg&In 

Rh 

RhgtHg 

Rb«cln 

E.C.Hill 

neg. 

0.37 

neg. 

0.37 

G.  C29 

0.001 

neg. 

7079-T6 

neg. 

0.23 

neg. 

0  10 

neg. 

CSS. 

neg. 

5456 

neg. 

0.61 

neg. 

2.  1  * 

0. 14 

360 

neg. 

0.  005 

6101 

nefr. 

0.34 

neg. 

0.004 

neg. 

2014 

neg. 

0.11 

0.  C'  8 

0.001 

R-5-9’s 

''.23 

neg. 

2.0  ♦ 

0.  031 

O.OOi 

neg. 

TABLE  XV 

The  Effect  of  Various  Metal  Ions  (lO'^M)  on  the  Corrosion  of  Aluminum 

Alloys  in  2N  HNO3 

Total  immersion  time:  1.5  hours  Corrosion  rates  listed  in  mg.  A1 /cm.  ^/min. 


Alloy 

Blank 

Hg 

In 

HgCcIn 

Rh 

RhIcHg 

RhScIn 

E.C.Hill 

neg. 

2.8 

0.001 

1.2 

0.001 

0.002 

0.002 

7079 -T6 

neg. 

0.096 

0.001 

0.  13 

neg. 

0.002 

0.002 

545 0 

neg. 

0.045 

0.003 

C.20* 

0.  002 

0.003 

0.003 

360 

neg. 

0.076 

0. 003 

0.  10 

0.02 

C.  002 

610’. 

neg. 

3.0 

0.001 

1.0 

neg. 

0.0C2 

■iHt  ^ 

2014 

neg. 

0.029 

0.004 

0.035 

0.002 

0.  003 

imM 

R-S-'^'s 

neg. 

0.99 

neg. 

.3  * 

y.  001 

0.  002 

»  \ 


Resialts  in  ZN  H?S04.  In  general,  the  aluminum  alloys  were  much 
less  susceptible  to  corrosion  in  H2SO4  than  in  HCl.  Additions  of  mercury 
or  rhodium  ions  increased  the  rate  of  corrosion  of  all  alloys.  The  largest 
increase  in  corrosion  in  a  system  containv.g  only  a  single  additive  was  ob¬ 
served  with  the  5456  alloy  in  the  presence  of  mercury  ions.  Indivm  ions 
alone  appeared  ineffective-  Three  cases  of  synergistic  action  were  noted, 
all  with  mixtures  of  mercury  and  indium  ions.  The  grcai-isi  synergistic 
action  took  place  with  the  high  purity  aluminur  where  there  was  a  lO-fold 
increase  over  the  added  rates  in  the  presence  of  mercury  and  indium  ions 


alone. 


Results  in  2N  HNO3.  The  purer  aluminum  samples  (R-5-9's,  E.  C. 


Hill,  and  type  6101)  were  particiilarly  susceptible  to  attack  in  HNO3  in  the 
presence  ol  mercury  ions.  However,  indium  or  rhodium  ions,  indium  plus 
rhodium  ions,  and  rhodium  plus  mercury  ions  were  less  effective  in  HNO3 
than  in  HCl  or  HgSO^  for  all  alloys.  Synergistic  action,  as  noted  by  the 
asterisks  in  Table  XIV,  was  observed  in  two  cases. 

Results  in  distilled  water  and  ZK  NaCi.  A  few  experiments,  summa- 
riat'’-  Tables  XVI  and  XVII,  were  carried  out  in  distilled  water  and  EN 
NaCl  m  the  presence  of  mercury  and  indium  ions.  The  corrosion  rates  were 


very  low  compared  to  the  rates  in  the  minsv-al  acids  but  they  -i-sre  still  ap¬ 
preciable.  For  example,  tne  R-5-9’s  aluminum  cidiibited  a  corrosion  rate 
of  0.  020  mg.  /cm.  2/min.  in  the  presence  01  O  each  of  mercury  and  in¬ 
dium.  This  rate  is  equivaleui  -o  a  weight  loss  of  29  mg  /cm.^  during  a  24- 


hour  period 


T 


TABLE  XVI 

The  Effect  of  Ion  and/or  iO~^M  In"*^^  Ion  on  the  Corrosion  of 

Aluminum  Alloys  in  2M  NaCl 

Total  immersion  time:  24  hours  Corrosion  raie^  listed  in  mg.  Al/cm. ^/inin. 


Alloy 

Blank 

Hg 

In 

Hgt-^ 

E.  C.  HUl 

neg. 

0.017 

neg. 

0.0C5 

7079 -T6 

neg. 

neg. 

neg. 

0.001 

5456 

neg. 

0.0C& 

neg. 

0.003 

360 

neg. 

neg. 

neg. 

0.  001 

6101 

I'eg. 

0.019 

neg. 

0.005 

2014 

i-.eg. 

neg. 

0.  nOl 

R-5-9‘  s 

neg. 

neg. 

neg. 

fteo. 

TABLE  XVn 

The  Effect  of  10“^M  Hg'*’^  Ion  and/or  lO'^M  In"*”^  Ion  on  the  Corrosion  of 
Aluminum  Alloys  in  Distilled  Water 

Total  immersion  time:  24  hours  Corrosion  rates  listed  in  mg.  Al/cm.  ^/min. 


Alloy 

Blank 

Hg 

In 

HgCcln 

E  C.  Hill 

neg. 

0.009 

neg. 

0.  006 

7CT?  -T6 

neg. 

0.012 

neg. 

0.005 

5  ■  7  a 

neg. 

0.C03 

neg. 

0.  008 

36C 

neg. 

neg. 

neg. 

^O.OOi 

^10l 

neg. 

0.022 

neg. 

0.019 

2SJ4 

neg. 

n.'g. 

neg. 

Q.  001 

R-r-9*s 

neg. 

O.OiS 

ne*- . 

0.020 

...  o.  fee  - - -  nf  Alw^inun.  i.  2N  »a 

.-  ..■■  ot  M.X.U.V  a.a;o.  ahodiun,,  These  ».e,s»rem«.s  ««e 

carried  out  oo  cyliuders  ol  99-999%  aluttiiuutu  each  -jqiOSiOS  5-6  cm. 
Coustao.  temperature  was  maiutaiued  h,  -ueaus  ot  a  thermostated  water 
hath.  Mercury  and  rhodium  chlorides  were  added  to  a  coneent.atlou  of 
lO-^M  each.  The  mnouut  of  corrosion  was  determined  by  weight  loss 

measurements. 

Measurmneuts  made  in  Of  HCl  contai.  ng  lO’^M  Hg(E  are  sumtna- 

■  rued  in  Table  XVIU.  Measurmnmits  mad.  in  2H  H.'!  conminUg  lO'^M 

Bh(nn  are  summarised  in  Table  XDC.  Mmtsurements  made  in  2N  HCl  con¬ 
taining  both  lO-^M  HgW)  and  lO'^M  »h  (ffl)  are  summarised  in  Table  V 


Tune  in 
minutes 


TABLE  XVm 

The  Corrosion  of  99-999%  Aluminum  in  2N  HCl  Contammg 
lO’^M  HgCl^  (All  Values  m  mg.  /cm.  ) 


Temperature  in 

30*  40*  50* 

•c. 

feO* 

70* 

80* 

— 

— 

— 

1.5 

8.1 

10.5 

1-9 

fc.  8 

3. 9 

c.  7 

li-3 

2Z-  1 

13.9 

4.  i 

»4.4 

15.9 

34.3 

35.7 

TABLE  XDC 

The  Corrosion  of  99.999%  -A-luminum  in  ZN  HCi  Containing 
RhCl3  (All  Values  in  mg. /cm.  1 


Time  in  TciVipt;i'ai.«rc  m  AC¬ 


minutes 

10* 

“51 

30* 

121 

50* 

6u* 

•  1 

o 

1 

80’ 

5 

75 

93 

102 

107 

105 

111 

96 

9S 

10 

113 

127 

131 

123 

liS 

118 

108 

93 

15 

143 

150 

143 

120 

130 

110 

1C5 

91 

TABLE  XX 

The  Corrosion  of  99.999%  Aluminum  in  ZN  HCI  Containing 
10"3m  HgClj  and  lO'^M  RhCl3  {.All  Values  in  mg.  /cm.^) 


Time  in  Temncrature  in  *C. 


minutes 

10- 

20* 

30* 

40* 

50* 

60* 

70* 

80* 

5 

39 

51 

63 

55 

75 

101 

70 

119 

10 

108 

84 

100 

88 

130 

114 

168 

125 

15 

8b 

Ml 

182 

108 

125 

142 

154 

130 

The  Effect  of  Stress  on  the  Rate  of  Corrosion  of  Aluminum  in  ZN  HCI 
in  «!■..  Presence  of  Rhodium  and/or  hferc.r/.  The  -eates  '  ^  corrosion  of 
aluminum  in  hydrochloric  acid  in  the  presence  of  rhodium  and  in  the  presence 
of  rhc-dium  and  mercury  were  s'*  high  that  appeared  P'-ufatfnl  that  tha  intro¬ 
duction  of  stress  into  the  samples  -»oulc  ra-'c  any  appreciable  effect  on  the 
corrosion  rate.  It  app>earec  adi-isable  aonauieiecs  tn  teat  this  oossibUity. 


I 
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Samples  of  99.999%  alumintim  were  cut  from  rods  in  the  form  of 
cylinders,  1/2"  in  diameter  and  somewhat  greater  than  1/4’’  in  length.  The 
length  was  so  chosen  that  a  controlled  degree  of  stress  would  be  introduced 
into  the  sample  when  it  was  compressed  t--  1/4"  in  length.  After  macninir.g 
to  shape,  the  samples  were  lightly  etched  in  HCl  and  were  then  healed  at 
600*C.  for  24  hours  in  order  to  remove  stresses  previously  introduced  in 
the  fabrication  process.  The  samples  were  next  compressed  in  a  punch 
and  die  assembly  so  that  they  were  reduced  it  size  2.8,  4.7,  6.5,  9.0,  10.7, 
13.0,  16.6,  and2C.0%.  Weight  loss  measurements  were  made  at  10,  20,  30, 
40,  60,  and  80*  in  2N  HCl  containing  the  additive.  The  results  obtained  in 
the  presence  of  10”^M  rhodium  are  given  in  Table  XXI;  those  in  the  presence 
of  iO-^M  mercury  are  given  in  Table  XXII;  and  those  in  lO'^M  rhoditim  plus 
mercury  are  given  in  Table  XXin. 


i 


OI  . 


TABLE  XXI 


The  Weight  Loss  in  a  10-Minute  Period  of  Stressed 
99.999%  Aluminum  in  2N  HCl  Containing  lO'^M  RhGl-j 
(All  Values  in  mg.  /cm.") 


Stress  -  Represented  as  % 
reduction  in  sample  thickness 


0% 

2.8 


Temperature 


10^ 

20‘ 

30* 

40* 

60* 

80* 

12? 

•32 

111 

’27 


4. 7 


142 


6.5  125 

9.0  126 


10.7 


132 


108 


13.0  113  121 

16.6  133 


20.0 


111 


117 


97 


6S. 


TABLE  XXn 

The  Weight  Loss  in  a  10-Minute  Period  o£  Stressed 
99-999%  Aluminvun  in  2N  HCl  Containing  10~^M  HgCl^ 
(All  Values  in  mg.  / cm, 


Stress  -  Represented  as  % 
reduction  in  sample  thickness 


0% 

2.8 


4.7 


6.5 

9.0 

10.7 

13.0 

16.6 


Temperature 

10*  20“  30*  40*  ^0*  80* 

1.2 

5.3 


12.6 


3.8 


2.6 


0.4 


4.7 


20.0 


5.0 


69. 


! 


TABLE  XX 

The  Weight  Loss  in  a  10-Minute  Period  of  Stressed  99-999% 
Aluminum  in  2N  HCl  Containing  10“^M  RhC!3  and  iO~^M  HgCl2 
(All  Values  in  mg.  /cm. 

Stress  -  Represented  as  %  Temperature 

reduction  in  sample  thickness 


10* 

2-  ‘ 

30‘ 

40- 

60* 

80* 

155 

2.8 

64 

lA' 

4.7 

124 

136 

6.5 

113 

162 

9.0 

84 

135 

10.7 

108 

93 

13.0 

82 

135 

16.6 

107 

20.0 


125 


RESULTS  WITH  COPPER 


Corrosion  in  IM  H2SO4  in  the  Presence  of  Group  VIII  Chloride. 

The  results  of  these  experiments  are  summarized  ta  Table  XXIV.  In  all  "'ses 
the  rate  of  corrosion  was  slightly  greater  than  that  of  the  blank,  but  in  nr>  case 
was  there  a  large  rate  of  corrosion.  The  increased  rate  over  the  blank  is  probably 
a  result  of  the  dissolution  of  a  small  amount  of  copper  by  a  metal  replacement 
reaction. 

CorrosiOT  li.  IKf  H2SOa  in  the  Presence  of  10~3M  Group  ViII  Chloride. 

The  results  of  these  experiments  are  summarized  in  Table  XXV.  In  co  case 
was  a  large  rate  of  corrosion  observed.  In  all  cases  the  presence  of  the  Group 
Vm  chloride  lu  the  acid  caused  a  sli^t  increase  in  the  rate  of  corrosion. 

Cvf  rosior.  in  2M  HCl  in  the  Presence  of  10~^M  Group  VIU  Chloride. 

The  results  of  these  experiments  are  summarized  in  Table  XXVI.  In  no  case 
was  a  large  rate  of  corrosion  observed.  In  all  cases  the  presence  of  the  Gro>‘p 
vm  chloride  in  the  acid  caused  a  sli^t  increase  in  the  rate  of  corrosion. 

Cor  :ion  in  ZM  HNO^  in  the  Presence  of  10~'^M  Group  Vm  Chloride. 

The  results  of  these  experiments  are  summarized  in  Table  XXVn.  The  copper 
cori^:icd,  as  is  well  known,  at  an  appreciable  rate  the  ZIA  HNO5  in  the  ab¬ 
sence  of  any  additive.  In  all  cases  the  presence  of  the  Group  vm  chloride 
reduced  the  rate,  with  the  effective  degree  —i  inbibitior:  lecreasing  in  the  order: 

I'd.  ”t,  Rh,  Ru.  Co,  Ir.  Os.  Ni, 

With  (he  exception  of  ih^  experiments  with  additions  of  palladium  or 
platinum,  the  corrosion  rate  increased  with  tima.  This  peacomcnon  is  well 


known  and  has  been  attributed  (4)  to  the  catalytic  effect  of  the  nitrogen  oxides 


which  are  a  product  of  the  reaction. 

Corrosion  in  2M  HNOj  in  the  Presence  cf  10~^M  Group  VIII  Chloride. 
The  results  of  these  experiments  are  sum.-iarized  in  Table  XXVin.  Pali<nu.um, 
platinum,  rhodium,  cobalt,  and  nickel  additions  were  effective  iri  de'_reas'ji^' 
the  rate  of  corrosion.  Iridium,  ruthenium,  and  osmium  additions  reduced  the 
corrosion  rate  slightly  but  to  no  major  extent.  No  cases  were  found  in  wiiich 
the  corrosion  rate  was  increased. 


TABLE  XXrV 

The  Corrosion  of  Copper  in  IM  M2SO4  at  Room  Temperature  in  the 
Presence  of  10~'^M  Group  VIII  Chlorides 


Group  vni  Chloride 


Average  Corrosion  Rate  over  a 
24-Honr  Period  (mg.  /  cm.  ^/hr. ) 


Co 

0.014 

Ni 

0.017 

Ru 

0.014 

Rh 

0.022 

Pd 

0.018 

Os 

0.019 

Ir 

0.  Oi? 

Pt 

C.  021 

Blank 

I 


72. 
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TABLE  XXV 

The  Corrosion  of  Copper  in  IM  H2SO4  at  Room  Temperature  in  the 
Presence  of  10*  Group  Vlll  Chlorides 

Group  Vlil  Chloride  Average  C'^rrosion  Kate  over  a 

24-Hour  Period  (mg.  /  m.  ^/hr, ) 


Co 

0.010 

Ni 

O.ol? 

Ru 

0.016 

Rh 

0.014 

Pd 

0.  045 

Os 

0.017 

Tr 

0.013 

Pt 

0.035 

Blank 

0.006 

TABLE  XXVI 

The  Corrosion  of  Copper  in  2M  HCl  at  Room  Temperature  in  the  Pre¬ 
sence  of  10'^  M  Group  vm  Chlorides 

Group  Vni  Chloride  Average  Corrosion  Rate  over  a 

24-Hour  Period  (mg.  / cm.  ^/br.  ) 


Co 

Ni 

Ru 

Rh 

Pd 

Os 

Ir 

Pt 

Blaxdt 


0.  029 
0  026 
t-.  052 
C.  056 
C.  334 
C.  -ii 
^29 
0.  077 
0.C21 


-V. 

-r 


TABLE  XXVII 

The  Corrosion  of  Copper  in  2M  HNO3  at  Room  Temperature  in  the 
Presence  of  lO'^M  Group  VIH  Chlorides 


Group  Vin  Chloride 


Corrosic!!  L  mg.  /  cm.  ■ 


1  Hr. 

3  Krs. 

24  Hrs. 

Co 

1.  1 

3.0 

149 

Ni 

1.0 

5.9 

246 

Ru 

2.0 

2.  8 

130 

Rh 

0.2 

1.3 

45 

Pd 

0.  1 

0.4 

0.8 

Os 

0.7 

5.0 

238 

Ir 

0.8 

4.7 

160 

Pt 

0.8 

2.  1 

19 

Blanh 

1.6 

9.5 

247 

TABLE  XXVm 

The  Corrosion  of  Copper  in  2M  HNO3  at  Room  Temperature  in  the 
Presence  of  10"  Group  vm  Chlorides 


rs. 
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Group  vm  Chloride  Average  Corrosion  Rate  over  a 

24-Honr  Period  (mg.  /  cm.  ^/hr. ) 


Co 

Ni 

Ru 

Rh 

Pd 

Os 

Ir 

Pt 

Blank 


0.014 
0.014 
fc.  1 
0.  •'•hZ 
0.  044 


C  .  Oi  l 

9.  5 


I 


:  -Sv- 
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DISCUSSION 


The  great  effectiveness  of  the  more  noble  Group  VIII  metals  in  acceler¬ 
ating  the  corrosion  of  iron  in  HCl,  K2SC4.  and  4  organic  acids  has  been  amply 
demonstrated  in  these  experiments.  Under  the  conditions  used,  the  rate  in  the 
presence  of  platinum  was  as  much  as  1000  times  that  of  the  blank.  It  has  bee*, 
known  for  many  years  that  contact  of  a  less  noble  metal  with  a  low  hydroge.-? 
overvoltage  metal,  such  as  platinum,  causes  a  great  increase  in  the  dissolution 
rate.  This  increase  is  attributed  to  the  fact  that  the  cathodic  half  reaction  - 
the  evolution  of  hydrogen  -  proceeds  at  a  faster  rate  on  the  second  metal. 

Since  the  cathodic  reaction  is  rate  determining  in  many  c*.ses,  acti-  ution  of  the 
cathodic  reaction  leads  to  an  increased  anodic  reaction  rate.  Thus,  the  Group 
Vin  metal  accelerates  the  overall  dissolution  reaction  by  virtue  of  being  a  good 
catalyst  for  the  hydrogen  evolution  reaction. 

The  relative  activities  of  the  Group'Vm  chlorides  in  r  ccelerating  the 
corrosion  of  iron  in  the  eight  media  studied  are  summarized  in  Table  XXIX. 

It  will  be  noted  that  platinum  was  the  most  effective,  rhodium,  palladium, 
iridium  and  ruthenium  were  of  intermediate  effectiveness,  and  osmium,  cobalt, 
and  r.,',  .el  were  least  effective.  This  rel^ttive  effectiveness  agrees  well  with 
carried  out  with  iron  in  boiling  0.  ZM  citric  acid,  and  cobalt  and 
nickel  m  faoiiujg  ZM  HCl.  In  these  *  xpcr  - -ier.ts  the  less  nobte  metal  was 
coupled  to  a  cylinder  of  the  plstmum  mctnl  of  equaJ  surface  area.  The  reia- 
ti/c-  effectiveness  in  those  experimer..;.  was  b.  '^e  decreasing  order:  platinum, 
palladium,  rhodium,  and  iridium. 


TABLE  XXDC 


The  Relative  Effectiveness  of  the  Group  VIII  Elements  in  Accelerating 
the  Corrosion  of  Iron  in  Acids  at  Room  Temperature  as  Determined 
from  1-  and  3*Hour  Runs. 


2M  HCl 

IM  HCl 

IM  H2SO4 

0.  5M  H2SO4 

2N  Malic 

2N  Formic 

2N  Citric 

2N  Acetic 

Pt 

Pt 

Pt 

Pt 

Rh 

Pt 

Pi 

Pt 

Rh 

Rh 

Ru 

Rh 

Pt 

Pd 

Rh 

Rh 

Pd 

Pd 

Rh 

Pd 

Pd 

Rh 

Pd 

Ir 

Ru 

Ru 

Os 

Ru 

X 

It 

Ir 

Pd 

Os 

Ir 

Pd 

Ir 

Os 

Os 

Co 

Ru 

Ir 

Os 

Ir 

Os 

Ru 

Ru 

Os 

Os 

Co 

Co 

Co 

Co 

Ni 

Ni 

Ru 

Ni 

Ni 

Ni 

Ni 

Ni 

Co 

Co 

Ni 

Co 

Average  Relative  Effectiveness  in  Eight  Media 
Platintim  -  63  points* 

Rhodium  -  55 
Palladium  -  46 
Iridium  -  35 
Ruthenium  -  34 
Osmium  -  29 
Cobalt  -  15 
Nickel  -  1 1 

*  -  Giving  8  points  for  mo^r  active,  7  for  2nd  most  acxlv”-  etc. 


,  ■■■■ 


It  appears  likely  in  many  of  the  experiments  with  platinum  addicicas 
that  diffusion  of  reaction  species  to  the  surface  or  diffusion  of  products 
away  from  the  surface  may  have  been  rate  limiting.  -4s  shown  in  Table  I 
for  example,  six  of  the  mixtures  yielded  weight  less  in  one  hour  of  165- 
179  mg.  /cm.^  Presumably  the  rates  could  have  beer,  increased  beyond 
range  by  increasing  the  rate  of  diffusion  by  agitation  of  the  solution. 

The  most  severe  tvpe  of  corrosion  of  iron  v;as  ob.'crved  in  the  case 
oi  mineral  acids,  lO^^Madded platinum,  and  sodium  iodide.  Pitting  of  the 
samples  was  very  gre.  t  and,  in  the  case  of  the  sample  in  2M  HCl.  complete 
performation  occurred.  Pitting  was  also  observed  in  other  systems  jovoiviag 
both  an  activator,  such  as  platinum,  and  an  inhibitor  such  as  Na:iPO^. 

All  the  aluminum  alloys  exhibited  high  rates  of  corrosion  i**  HCl  in  the 
oresencw  (a)  mercury,  (b)  rhodium,  (c)  rhodium  plus  mercury,  and  (d) 
rhodium  plus  indium.  Ruthenium  was  also  very  effective  in  accelerating  the 
corrosion  of  pure  aluminum  in  HCl.  Experiments  with  this  additive  were  not 
carried  out  with  all  the  alloys,  however.  Additions  of  mercury  alone,  or 
mercury  pl»  indium,  were  effective  in  causing  a  rather  high  rate  of  corrosion 
in  water  or  sodium  chloride  solution. 

The  experiments  summarized  in  TJ'biesXVI.r  .through  XXIII  indicate 
that  «..-mpe.aiure  and  degree  of  stress  did  not  have  a  very  great-  effeci  on  the 
rate  oi  corrosion  ir.  the  presence  of  acceler;  ting  additives  such  as  mercury 
and  rhodium  These  results  support  tne  .*r-ai  the  rate  c--'  corrosion  under 

I 

the  conditions  used  was  depend.-  t  primarily  upon  tne  ir-te  of  diffusion  of 


V 


a  • 


k-r 


reactants  to  or  products  a'w.ay  from  the  site  of  reaction. 

No  evidence  was  found  for  an  appreciable  increase  in  the  corrosion 
rate  of  copper  in  the  presence  of  dissolved  Group  VIU  transition  metal 
chlorides.  This  result  is  to  be  expected  r-ince  the  Group  YIII  metals  are 
effective  in  accelerating  the  corrosion  rates  of  less  noble  metals  by  Virn;' 
of  their  ability  to  catalyze  the  cathodic  hydrogen  evolution  reaction.  In  the 
case  of  copper,  the  reaction  Cu  +  2HX  =  Cu*'*'(aq)  +  H2{gl  i  2X”(aq),  is  un¬ 
favorable  from  a  thermcdynamic  point  of  view  in  the  presence  of  minute 
amounts  of  hydrogen  c-'s.  On  the  other  hand,  react’ ore  involving  the 
scavenging  of  hydrogen  by  oxidizing  agents,  in  which  the  product  of  tee  over¬ 
all  reaction  is  not  gaseous  hydrogen,  are  favored  from  a  thermodynamic 
viewpoint.  In  the  absence  of  hydrogen  evolution,  the  platinum  metals  would 
not  be  exp'*'‘ted  to  be  effective  catalysts  for  the  dissouttion  reaction. 

The  most  interesting  results  are  those  shown  in  Tables  XXVn  and 
XXVin  in  which  appreciable  inhibition  of  the  reaction  with  HNO3  was  observeo. 
Limiting  the  analysis  to  the  inert  platinum  metals,  it  will  be  noted  that  the 
effecti^'enes  .  ..-f  these  metals  in  inhibiting  the  corrosion  in  HNO3  may  be 
described  as  follows; 


Eff^’ctiveness  in  Inhib-.ting  the  Corrosion  in 
2M  HNO3  at  Z  Concentratic.-i-;  of  Ft  Metal 


Good  Inhibitor 
Modc-ate  Inhil.itor 
Poor  Inhibiic' 


r>d 

Pi,  i;. 

Re. 


10-^M 
Pd.  Pi.  Rh 


Ra,  Ir,  Os 


'flit. 


7S. 


es 


At  both  concentrations,  palladium  was  the  most  effective  inhibitor, 
followed  by  platinum  and  rhodium.  Ruthenium,  iridium,  and  osmium  were 
only  slightly  effective  In  previous  studies  carried  out  ;n  this  laboratory  (5} 
it  was  hypothesized  that  good  inhibition  of  the  anocic  reaction  was  citen. 
tained  in  reactions  with  boiling  acids  under  conditions  where  the  inhibit; 
metal  had  an  appreciable  solubility  in  the  corroding  metal.  For  example, 
palladium  is  an  excellent  inhibitor  for  the  corrosion  nt  silver  in  constant¬ 
boiling  HCl  and  copper  is  an  excellent  inhibiJor  for  the  corrosion  of  nickel 
in  boiling  2M  HC-  Palladium-silver  and  copper -nicV-;!  form  solid  solutions 
over  the  entire  range  of  concentration.  In  the  systems  used  in  the  present 
study,  the  phase  diagrams  of  the  copper -palladium  and  copper -platintim 
systems  indicate  complete  solid  solution  over  the  entire  concentration  range. 
In  the  c< ,  pel -medium  system,  the  solubility  of  copper  in  rhodium  is  of  the 
order  of  20  atomic  %  at  room  temperature.  On  the  other  hand,  ruthenium, 
iridium,  and  osmium  have  little  or  no  solubility  in  copper  (6).  It  is  not 
desired  to  pursue  this  analysis  too  far  at  the  present  time  until  additional 


critical  exr  '“iments  can  be  performed. 
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ABSTRACT 

Copper,  nickel,  iron,  cadmium,  tin,  and  zinc  were  rapidly  coi-n-ced 
at  room  temperature  in  contact  with  AgN03  atmc»phere  of  H2S  and 

water  vapor.  Copper  was  also  rapidly  corroded  in  Jie  presence  of  Hg(N03)2. 
H2S,  and  water  vapor.  At  low  concentrations  of  AgNO^,  the  weight  loss  of 
copper  and  nick#-*  ftbe  other  metals  were  not  studied)  was  appreciably  greater 
than  coiild  be  accounted  for  on  the  basis  of  an  oxidation-reduction  r.?i^c!io>.i  in 
which  the  nitrate  ion  was  converted  to  NO. 


I 

1 


INTRODUCTION 


The  broad  purpose  of  the  experimental  program  covered  in  this  r_-port 
was  to  make  studies  of  systems  of  metal  plus  environment  in  which  very  rapid 
deterioration  cf  the  metal  occurs  at  room  temperature.  Other  portions  of 
this  report  are  concerned  with  the  effect  of  liquid  meials  on  the  cracking  as.'i 
oxidation  of  metals,  the  effect  of  mercury  salts  on  the  oxidation  of  aiuminu:.i, 
and  the  effect  of  platinum  metals  in  accelerating  the  dissolution  of  metals  in 
aqueous  solutions  This  portion  of  the  report  is  concerned  WAih  "he  effect  of 
a  gaseous  compound,  hydrogen  sulfide,  in  accelerating  corrcsicn. 

It  is  well  known  that  hydrogen  sulfide  has  the  effect  of  inev^asing  the 
rate  of  oxidation  of  copper.  The  initial  motivation  for  the  experiments  was 
to  choose  a  system  ba^ed  on  copper  and  hydrogen  stilfide  at  room  temperature 
for  quantitative  investigation.  As  the  work  piogressed,  it  because  apparent 
that  many  solid  salts  were  extremely  corrosive  to  a  number  of  metals  in 
short  periods  of  tin>e  in  the  presence  of  hydrogen  sulfide  and  moist  air.  The 
experiments  reported  herein  are  thus  a  preliminary  appraisal  of  the  effective¬ 
ness  of  hydrogen  sulfide  in  accelerating  the  corrosion  of  metals  at  room 
l.?t-.-^srature  in  the  presence  of  various  svlts.  Qijantitative.  more  sophisti¬ 
cated  experiments  were  not  carried  out  because  the  contract  was  terminated 
ah  1  lese  evper;mer.t.i  were  to  begin.  Th.  ae^d  for  such  quj’etitative  expcri- 
inenis  will  be  apparent  as  tb"  'report  tc  read. 


! 


EXPERJMKN'TAL  PROCEDURE 


The  metals  used  in  this  study  were  the  same  as  tho-r  dcsciibea  ;ii  iht- 
section  concerned  with  deterioration  >1  metals  in  the  jjicsoncc  of  liquid  metals 
(Fart  A).  The  metals  were  used  in  the  form  of  cylinders.  3/8  to  5/8‘‘  in 
diameter.  They  were  degreased  after  machining  and  were  eicheo  imir.t  r  ».-.;eiy 
prior  to  use  in  6N  hydrochloric  acid  or  ciiute  nitric  acid. 

All  experiments  were  carried  out  in  a  plastic  reaction  chamber. 

12"  X  12"  X  5-1/4",  which  was  equipped  With  a  fan  for  keeping  the  atmosphere 
in  continuous  moticn.  A  relative  humidity  of  iC2%  was  maintained  by  means  of 
a  tray  of  water  placed  iramediately  below  the  fan.  Hydrogen  sulfide  was 
generated  by  immersing  small  pellets  of  Na^S  in  acetic  acid.  The  partial 
pressure  of  hydrogen  sulfide  in  the  moist  air  was  not  controlled  but  its  aver¬ 
age  va'ue  during  the  period  of  the  experiment  was  estimated  to  be  of  the  order 
of  150  mm. 


EXPER.IMENTAL  RESULTS 


<11 

Experiments  with  Copper 

The  rapid  rate  of  corrosion  of  copper  in  the  presence  of  a  mercury 
salt,  H>S.  and  moist  air  is  shown  by  -Jie  results  -n  Table  I.  It  next  apr^^ared 
of  interest  to  determine  if  ail  three  constituents  were  necessary  for  this 
rapid  corrosion.  As  shown  in  Table  n  the  copper  samples  exposed  to  a 
mercury  salt  and  water  vapor  at  100%  relative  humidity  did  not  exhibit  any 
appreciable  corrosion.  In  all  cases  the  samples  gained  in  weight  as  a  re¬ 
sult  of  amalgar.- -lion.  Table  IQ  shows  a  similar  set  of  experinients  in 
which  the  samples  were  exposed  to  mercury  salts  and  H2S  for  "0  ’'cu;  s  in 
an  atmosphere  which  had  been  freed  of  the  major  amotmt  of  water  vapor  by- 
drying  wib.  the  absorbent,  calcium  chloride. 

It  next  of  interest  to  determine  if  simultaneous  attack  by  the 
mercury  salt  and  hydrogen  sulfide  was  necessary.  In  order  to  tost  this  point 
copper  samples  were  thoroughly  amalgamated  by  covering  them  with  either 
HgSe.^  or  HgfNOjlj  the  samples  were  then  transferred  to  the  -“eaciion 
chamber  -here  they  were  exposed  to  H^S  vapor  at  100%  relati-ve  humidity 
for  hours.  It  will  be  noted  from  Table  IV  that  weight  losses  of  only  3  to 
1'.  .mg.  -w^ra  observed  under  these  con«-::;or.£. 

The  effectiveness  of  in  promoting  the  corrosion  of  copper 

suggested  that  other  metallic  nitrate.,  si--  rid  be  invc*-  igatcd.  I'afaie  V 
summarises  the  res*-^is  obtained  with  a  varies  of  metal  nitrates.  It  will  be 
noted  that  .AgN03  by  iar  tne  most  eu~ct:va  ii,  causing  severe  corrosion 
of  copper. 


Q 


TABLE  I 


The  Corrosion  of  Copper  in  Contact  ■with  Mercury  Salts  m 
as  Atmosphere  of  H2S  at  100%  Relative  Humidity 


Mercury  Salt 

Loss  in  V/cig 

ht  of  Copper  [in  mg 

.1 

(Unweighedl 

1  Hr. 

3  Hrs. 

6  K 

22  Hrs. 

70_llrs^ 

Hg{N03)2  H^O 

*12 

86 

129 

1  ,1 

' 

IBS 

(h) 

139 

>2.  * 

Ah  = 

125 

(40) 

i3b 

*69 

404 

(41) 

47 

337 

31 

16 

21 

17 

16 

20 

12 

36 

(8) 

87 

HgSO^ 

7 

33 

32 

72 

25 

1C 

22 

20 

74 

40 

24 

42 

69 

28 

115 

127 

Note  -  \aluef-  in 

parenthesis 

indicate  that  a 

gain  in 

weight  was 

observed. 

TABLE  ii 


The  Corrosion  of  Copper  in  Contact  ■with  Mercury  Salts 
at  100%  Relative  Humidity 


Mercury  Salt 
(Unweighed) 

Wei;.  «l  Cu  -•  '  •»«  C  --'r 
in  70-Hour  Period  (in  mg.  ) 

HgSO^ 

(2.0) 

(U  7) 

Hk:N03)2-H20 

i-2) 

Note  -  Values  in  parenthesis  tdicate  that  a  ga« 


(0.9, 

>11  ■weigh;  was  observed. 


TABLE  III 


8 
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TABLE  V 

The  Corrosion  o£  Copper  in  Contact  with  Sclid  Nitrates 
in  an  Atmosphere  of  H2S  at  100%  Relative  Htimiditv 


Nitrate  (Unweighed) 


NaNO. 


Weigh!  '.OSS  of  Coppar  in 
23-Hc-ur  Period  (in  mg.  ) 


Ca(N03)2 

NH4NO3 

2n{N03)2 

Bi(N03)3 


Hg(N03)2-H20 


As’^03 


The  very  iarge  amount  of  corrosion  observed  with  AgNO^  in  the  pre¬ 
sence  of  H2S  and  water  vapcr,  as  shswr.  in  Table  V,  suggested  that  erperi- 
ments  should  be  carried  cut  to  determine  the  impcrtance  of  H2S.  Table  VI 
summari.-,es  eaeperiments  made  in  the  presence  and  absence  of  H^S  to  test 
tbi"  point.  The  total  amount  of  ccrrcsicr.  in  a  22-kcur  period  was  appreciably 
greater  in  the  presence  of  H2S. 

The  great  effectiveness  of  AgNC  in  inert -sing  '>■-_  rr.otmt  of  corro¬ 
sion  of  copper  in  the  presence  tf  H2S  raised  the  question  as  :o  the  chemical 
.caclions  inat  were  occurring,  in  th  •  rha^.^ce  c-f  H7S  and  .n  the  prcser.ee  of 
a  high  water  vapor  conten'r  jir-ar*.  it  might  be  cxpecicxi  the  simple 


replacement  reaction,  ZAgKO^  t  Cu - >.Cu{N03)2  +  2Ag,  would  occur.  A 

series  of  experiments  to  test  this  point  are  summarized  in  Table  VII.  It  will 
be  noted  that  the  theoretical  weight  loss  of  copper  on  the  basi.'s  of  this  reaction 
is  very  close  to  that  actually  observed.  In  9  of  11  -rases  the  actual  loss  — ‘  s 
slightly  greater  than  the  theoretical  loss,  suggesting  that  the  nitrate  ioi. 
might  also  have  been  effective  in  oxidizing  the  copper.  It  w-as  felt  that  the 
nitrate  ion  might  be  more  effective  in  oxidizing  copper  if  a  better  source  of 
hydrogen  ions  than  water  was  present.  To  this  ena  the  experiments  reported 
in  Table  Vn  werr  repeated  in  the  presence  of  acetic  acid  vapor.  The  source 
of  the  vapor  was  a  beaker  of  cor.Cv..:rated  acetic  acid  placed  in  tnc  re-ction 
chamber.  The  results  summarized  in  Table  Vm  show  that  under  these  con¬ 
ditions  the  Uir-.oretical  weight  loss  departs  seriously  from  that  expected  on 


the  bas’c  of  e  simple  replacement  reaction. 

if  the  silver  nitrate  took  part  in  the  reaction  in  the  presence  of  H^S 
in  stoichiometric  quantity,  the  likely  reaction  which  might  take  place  is  the 
following:  AgN03  +  4Cu  +  ZH^S - >  Ag  +  NO  +  ZCu2S  +  2H2O.  The  re¬ 

sults  tabul-'  ■  'd  in  Table  DC  indicate  that  the  weight  loss  of  copper  is  signifi¬ 
cantly  greater  than  would  be  expected  on  the  basis  of  this  type  of  stoichiometric 
pa i -It ipaticn  of  AgN03  in  the  corrosion  reaction. 

TABLE  VI 

Tha  Corrosion  of  Copper  in  Contact  with  .AgNO^  at  I'C^  Pelauve 
Humidity  in  the  Absence  and  Presence  of  H^S 

Weight  Loss  in  2Z-hom  P-^-^-d  {in  mg.) 

Tn  .Absence  of  H7S  Presence  of  H?S 


I  89. 

TABLE  Vn 


The  Corrosion  of  Copper  in  Contact  with  AgNO^  at  100% 
Relative  Humidity  (No  H^S  Present) 


eight  of  AgN03 

Weight  Loss 

Theoretical  Weight 

Ratio  of  Actual 

Copper  Suriace 

of  Copper 

Loss  on  Basis  of 
Simple  Replacement 
Reaction 

Weight  Loss  to 
Theoretical 
Loss 

8.  1  mg. 

1.3  mg. 

1.5  mg. 

0.87 

25 

5.5 

4.7 

1.2 

55 

11.5 

9.8 

1.2 

67 

14 

12.5 

1.1 

80 

16 

15 

1. 1 

99 

21 

18 

1.  1 

101 

20 

20 

i.n 

125 

35 

23 

1.5 

146 

33 

27 

1.2 

187 

44 

35 

X  •  3 

278 

63 

52 

1  2 

TABLE  Vm 


The  Corrosion  of  Copper  in  Contact  with  AgNC3  at  i00% 

Relative  Humidity  in  the  Presence  of  Acetic  Acid  Vapor  (No  H^S  Present) 


Weight  of  AgN03 

v; eight  Loss 

Theoretical  Weight 

Ratio  of  Actual 

on  Copper  ourface 

of  Copper 

Loss  on  Basis  of 
Simple  Replacement 
Reaction 

Weight  Loss  to 
Theoretical 
Loss 

42  mg. 

18  mg. 

7.  8  mg. 

2.3 

86 

28 

16 

1.8 

•21 

32 

22 

1.4 

162 

48 

3C 

1.6 

*  \ 


TABLE  DC 

Thp  Corrosion  o£  Copper  in  Contact  with  AgNOj  at  100%  Relative 
Humidity  in  the  Presence  of  H2S 

WeigUoIAgNOj  Weigh,  LOSS  Th,cre,.,.l  Weigh.  Lose  ^.WAetuel 

■■>"  o‘  “''®;no,“4c“  Theoretioei 

ZH^S  — >  Ag  +  NO  T  2CC2S  Loss 

+  ZH,0  ♦  - - - 


1 . 5  mg .  24  mg . 

2.2  mg. 

11 

2.  1 

31 

3. 1 

9.9 

2.5 

25 

3.7 

6.8 

3.  6 

22 

5.3 

4.2 

5.6 

25 

8.3 

3.0 

9. 1 

35 

14 

2.6 

9.5 

38 

14 

2.7 

14 

53 

21 

2-6 

26 

76 

39 

1.9 

46 

89 

76 

1.2 

76 

103 

113 

0.9 

111 

126 

166 

0.8 

Note  - 

The  reaction  which  utilises  .'.gNCj  i  -a  cx>'.*e,tion-redUe...iOT 
system  and  which  would  consume  ths  maximum  amount  of  Cu 

is  the  following: 

ZAP  + 

i  9C.vS  +  6H%0 

2AgN03  +18  C.U  T 

j  *  *  C  t* 

This  reaction  alone  =til»  ;a.,'  'o  account  for  »he  .a.ge  -n^unt 

of  copper  consumed  ir.  the  e..  of  small  amounts  of  AgN  3 


f 
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The  appreciable  corrosion  caused  by  nitrate  salts  in  the  presence  of 
H2S  raised  the  question  as  to  whether  the  function  of  the  H2S  simply  was  to 
furnish  hydrogen  ions  so  that  the  nitrate  behaved  as  nitric  acid  or  whether  it 
also  participated  directly  in  the  reaction.  In  order  to  test  this  point  samples 
of  copper  were  exposed  to  0. 1  g.  of  concentrated  nitric  acid  at  lOC^  relative 
humidity  in  the  presence  and  absence  of  H2S.  The  results  of  these  experi¬ 
ments  are  tabulated  in  Table  X.  It  will  be  noted  that  the  average  weight  lo~s 
of  copper  in  the  presence  of  H2S  was  approximately  7  times  the  loss  in  its 
absence. 


TABLE  X 


The  Corrosion  of  Copper  by  Concentrated  Nitric  Acid  at  100% 
Relative  Humidity  in  the  Presence  and  Absence  of  H2S  in  ZZ-Hour  Period 


Amount  of  Weight  Loss  Weight  Loss  Calcd.  on 
HNO^  .d  of  Copper  Basis  of  Reaction,  3Cu 

+  8HNO3— >3Cu(N03)2 
*  ZNO  T  ZH?0 _ 


Weight  Loss  Calcd.  on 
Basis  of  Reaction.  3Cu 
+  ZHNO3  +  ZH2S 
— »3CuS  +  ZNO  *  4H,0 


In  Absence  of  HyS 


100  mg.  17  mg.  38  mg. 

ZO  38 

Z1  38 

15  38 


In  Presence  of  H7S 


100  mg.  1Z6  mg. 

133 

IZO 

IIZ 

1Z4 

1Z6 


15C  mg. 

150 

150 

15C 

150 

15C 


X-ray  Diffraction  Studies  of  the  Products  Formed  in  Reactions  In¬ 
volving  Copper.  A  portion  of  the  produci.  was  removed  from  the  siirface  at 
the  end  of  an  experiment>  it  was  grotmd  in  a  mortar^  and  v^as  then  packed  in 
a  small  capillary  tube  for  diffraction  analysis.  Ail  X-iay  measurements  were 
made  using  copper  radiation. 

(1)  Copper,  Hg(N03)2.  H2S,  and  moist  air.  In  the  presence  of  an 
excess  of  Hg{N03)2.  crystalline  products  were  HgS,  CuS,  and  Cu(N03i2’ 
3CuCOH)2  . 

(2)  Copper  AgNOj,  H2S.  and  moist  air.  In  the  presence  of  an  excess 
of  AgN03.  the  crystalline  products  were  Ag.  CU2S.  CuS,  and  Cuf?^03)2* 
3Cu(OH)2  .  In  the  presence  of  a  small  amount  of  AgN03.  the  crystalline 
products  wei'i  CU2S;  CuS.  and  Ag.  In  all  cases  there  were  10  to  17  lines 
which  CO  Id  t-ot  be  associated  with  any  compounds  in  the  ASTM  X-ray  Diffrac¬ 
tion  Card  File. 

(3)  Copper,  AgNCH,  acetic  acid  vapor,  moist  air.  In  the  presence  of 
an  excess  of  AgN03,  the  crystalline  products  were  Ag  and  CU2O- 

(4)  *~opper,  HzS,  moist  air.  The  only  crystalline  product  was  Cu2S. 
Nine  lines  of  faint  intensity  were  not  identified. 

(5)  Copper,  HNO3,  H^S,  moist  a.r.  The  C7^stalli»^  e  products  were 
C'cSr  Cu2S,  and  Cu(N03)2*  3Cu{OK)2. 

Eimeriments  with  Other  Metals.  T-nies  Xi,  XI*.  XUt.  and  XIV 
summarize  some  of  the  misceUone  exo^.riments  carried  out  with  other 
metals  and  ..alts  in  the  presence  of  hydrogen  sulfide,  it  will  be  noted  that  the 
combination  of  a  nitrate,  hydrogen  sulfide,  and  moist  air  extremely 


corrosive  to  many  metals. 


table  XI 


A  Summary  ci  Miscellaneous  Experiments  on  the  Corrosion  of  Various 
Metals  m  the  Presence  of  a  Salt.  100?>  Relative  Humidity,  and  H^S  for 

a  22-23  Hour  Period 


Metal  Undergoing 

Salt  Placed  on 

Weight  Loss  of 

Corrosion 

Surface  (Unweighed) 

Corroded  Metal 

Cu 

GaCl, 

54  mg 

47 

51 

41 


48 


Mg 

HgF^ 

(20) 

HgClg 

(33) 

Hg^Clg 

(J  3} 

HgBr2 

12 

Hgl2 

17 

HgS04 

1 

Hg(N03)2  H2O 

79 

Ti 

AgN03 

0 

AgN03 

0.  1 

HgF2 

4 

HgF2 

1 

Zr 

HgF^ 

(4) 

HgF2 

(6) 

Cd 

AgN03 

42 

AgNOs 

37 

Ni 

Hg(N03)2  H2O 

37 

Hg(N03>2  H2O 

^5 

AgN03 

72 

AgN03 

80 

Sn 

AgNOj 

42 

AgN03 

50 

Fe 

AgN03 

ISO 

154 

94. 


TABLE  XI  (cons, ) 


Metal  Undergoing 
Corrosion 

Salt  Placed  on 

Surface  (Unweighed) 

Weight  Loss  of 
Corroded  Metal 

Pb 

HgS04 

(12) 

HgSOa 

(4) 

Stainless  Steel  303 

HgF2 

15 

HgFz 

24 

Zn 

AgN03 

49 

AgN03 

51 

TABL£  Xn 

The  Corrosion  of  Copper,  Nickel,  and  Iron  in  Contact  with  Solid  at 

100%  Relative  Humidity  in  the  Absence  and  Presence  of  H2S 
in  a  22>Hour  Period 


Metal  Undergoing 
Core-. -ion 

Weight  Loss  in  the 
Absence  of  H7S 

Weight  Loss  in 
Presence  of  H 

Cu 

0. 5  mg. 

16  mg. 

0.6 

22 

0.6 

25 

0.5 

18 

Ni 

20 

50 

19 

52 

41 

37 

Fe 

8 

62 

1.5 

86 

106 

I 


table  Xli! 


The  Corrosion  of  Iron  by  Solid  AgNOj  at  lOOro  Relative  Humidity  in  the 
Absence  and  Presence  oi  H^S 


Weight  of  AgNOj 
Used 


33  mg. 
55 
?7 
118 
265 


Weight  Loss 
of  Iron 


Theoretical  Weight  Loss  on 
Hasis  of  Reaction,  2Fc  r 

AgN-Oi  t  2H2S - >  Ag  4 

2FeS  +  NO  T  2H^O 


In  Absence  of  HgS 
(0.4) 

7 

1.5 

(2) 

1.2 

In  Presence  of  H7.S 


74  mg 

30  mg 

49  mg 

103 

43 

68 

135 

76 

89 

156 

45 

103 

219 

59 

144 

262 

99 

174 

97. 


DISCUSSION 

The  purpose  of  these  l^xpeviments  was  to  choose  for  quantitative  study 
a  system  showing  very  rcipid  deterioration  of  copper  This  purpose  was 
achieved,  but  quantitative  experiments  were  not  n. Haled  because  of  termina¬ 
tion  of  the  contract. 

The  system  consisting  of  silver  nitrate,  hydrogeii  sulfide,  and  moist 
air  was  very  corrosive  to  many  metals  including  copper,  nickel,  iron,  cadmium, 
tin,  and  zinc.  In  the  case  of  copper  and  nickel,  it  appeared  that  the  amount  of 
reaction  was  muth  greater  than  would  be  expected  on  the  basis  oi  the  nitrate 
ion  concentration  It  is  not  known,  however,  whether  the  silver  nitrate  aus 
a  true  catalyst  for  the  reaction  of  copper  with  oxygen  or  hydrogen  sulfide  or 
whether  simple  reaction  of  hydrogen  sulfide  with  the  copper  could  account 
for  the  ?  nou.ii  of  reaction  over  and  above  lliat  called  for  by  a  reaction  in¬ 
volving  nitrate.  A  decision  in  this  regard  must  await  quantitative  experiments. 


PART  D 


"The  Very  Rapid  Oxidation  of  Aluminum  a;  Room 
Temperature  When  m  Contact  with  Mercuric  Iodide" 

By 

DavtdA.  Jackson.  Jr  ,  and  Hcrry  Lt-.d^eiscr,  Jr 
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ABSTRACT 

The  rate  of  oxidattcr.  cf  alummum,  contaminated  A-uh  Hgl2>  in  moist 
air  occurred  linearly  with  time  in,  thi-  early  of  reaction.  The  rate  of 

oxidation  at  50“C  increased  with  lelative  humidity  and  was  a  maximum  at 
80-100%  RK.  The  majority  of  the  reaction  was  with  oxygen  but  a  constant 
amount  of  reaction,  0.066  mg  /cm. ^/minute  .  occurred  with  water  vapOj 
over  the  relative  humidity  range  36-100%.  The  ‘otal  reaction  of  aluminum  at 
100%  relative  h-.midity  was  equivalent  to  0.9  mg.  of  aluminun-. 'em.  ^/minute. 
The  reaction  product  exhibited  no  crystalline  diffraction  pattern  when  examined 
with  electron  or  X-ray  beams.  The  product  lost  a  negligible  an-  >unt  of  water 
when  he.at“d  at  115*C.  but  it  did  lose  an  a-.-erage  of  34%  by  weight  when  heated 
at  60C*C.  Aging  of  the  product  without  dehydration  resulted  in  the  crystalliza¬ 
tion  of  the  beta-trihydrate.  An  explanation  of  the  strong  dependence  of  the 
rate  on  the  relative  humidity  was  given  and  was  based  on  the  supposition  that 
the  electrical  properties  of  any  film  of  oxide  present  or  the  surface  were  a 
function  •nf  the  relative  humiditj. 


INTRODUCTION 


It  is  well  known  that  mercury  has  an  extremely  deleterious  effec»  on 
aluminum  in  many  environments.  For  example,  the  corrosion  of  aluminum 
in  boiling  2M  HCl  containing  10*'*  to  10  'M  HgCl^  ts  increased  a  100-foid 
over  that  in  the  absence  of  mercury  (1).  Aiso.  the  rate  of  oxidation  of  aiu.tii- 
num  is  greatly  increased  in  the  presence  mercury  as  can  readily  be  shc'‘‘'n 
by  applying  a  drop  of  mercury  on  an  aluminum  surface  and  scratching  the 
surface  in  order  to  aid  in  penetration  of  the  -  xide  film . 

The  purpose  ot  the  work  reported  herein  v-‘s  to  make  a  quantitative 
study  of  the  oxidation  of  aluminum  in  the  presence  of  mercury  and  thereby 
to  determine  the  more  important  variables.  Preliminary  experiments  indi¬ 
cated  that  it  was  very  difficult  to  obtain  reproducible  results  with  metallic 
mercury,  presumably  because  of  the  inability  to  prepare  a  reproducible  sur¬ 
face  whose  oxide  coating  was  uniformly  penetrated  by  mercury.  Preliminary 
experiments  with  many  mercury  salts  indicated  that  Hgl2  was  a  satisfactory 
reactant  and  that  uniform  attack  was  obtained  over  the  entire  surface  when 
It  was  spread  in  a  thin  layer.  Quantitative  experiments  were  then  confined 


EXPERIMENTAL  PROCEDURE 


It  was  determined  very  early,  in  the  research  that  aluminum  in  co'.tact 
with  Hgl^  reacted  with  both  oxygen  and  water  vapor  when  both  were  present 
in  the  atmosphere.  The  major  amount  of  reaction  leading  to  a  pressure  change 
at  all  humidities  took  place  with  oxygen  as  indicated  by  the  fact  that  there  >r-as 
a  pressure  decrease  in  a  closed  system  containing  air  when  the  water  vapc 
concentration  was  maintained  constant.  These  observations  led  us  to  adopt 
pressure  change  ;n  a  closed  system  as  the  measured  parametc"  for  following 
the  reaction  as  a  function  of  time.  Since  the  reaciion  with  oxygen  censumes 
3/4  mole  of  oxygen  gas  for  every  gram  atom  of  aluminum  and  the  replacement 
reaction  with  water  evolves  3/2  mole  of  hydrogen  gas  for  every  gram  atom 
of  al«r-  ‘.aum,  a  small  fraction  of  the  total  reaction  involving  water  leads  to  a 
significant  error  in  assessing  the  total  amount  of  reaction  from  pressure 
decrease  only.  Gravimetric  measurements  were  thus  carried  out  in  separate 
experiments  in  order  to  determine  the  relationship  between  pressure  change 
and  the  amount  of  reaction.  As  described  later,  it  was  found  that  the 

rate  of  the  replacement  reaction  of  aluminum  with  water  was  constant  at 
1  v;la»ive  humidities  ranging  from  3t  to  •'>0%  and  was  not  greatly  different 
from  the  rate  of  reaction  of  aluminum  with  liquid  water  at  the  samo  tempera¬ 
ture.  .All  studies  were  tarried  out  with  -.ir. 

Ihe  reaction  apparaw.-  v.f  an  insulated,  double-walled  copper 

ciiamber  whose  interior  metal  surface  w,..-  heavily  coated  with  a  flat  black 


pailil.  The  scaled  chamber  was  ct>nncrtod  lo  a  mercury  capillary  manometer 
at  L  and  to  a  bellows-type  pressure  gauge  at  K.  The  chamber  was  maintained 
at  constant  temperature  by  passing  water  from  a  constant  temperature  bath 
between  the  double  walls  of  t  chamber.  Tcmj. 'ratur e  measurements  were 
made  by  means  of  a  thermometer  passing  into  the  chamber  .1  N  through  an 
"O"  ring  seal . 

The  cylindrical  sample  was  inserted  in  the  plastic  holder  G  which  was 
cemented  to  the  hollow  support  F  through  which  water  at  constant  temperature 
continuously  circulated.  The  sample  fit  very  tightly  in  the  hoi-.'er  G  so  that 
only  the  upper  circular  surface  was  exposed  to  Hgl2.  The  base  of  the  plastic 
holder  G  was  machined  to  a  thickness  of  approximately  0.5  mm.  so  as  to 
interfere  as  little  as  possible  with  the  transfer  of  heat  from  the  specimen  to 
the  cc  .staat -temperature  water  circulating  through  F. 

The  desired  relative  humidity  was  obtained  by  placing  a  saturated 
salt  solution  in  the  plastic  tray  T  and  allowing  the  enclosed  system  to  reach 
equilibrium  during  a  30 -minute  period.  Both  thermal  and  humidity  equilibrium 
were  fa '■’Hated  by  the  use  of  a  small  fan  X  which  continually  stirred  the  internal 
atmosphere.  At  relative  humidities  less  than  100%,  Octoil-S  was  used  as  a 
cpacer  to  control  the  internal  volume  f  the  chamber  to  '000  cc.  At  100% 
relative  humidity,  water  was  used  as  the  spacer. 

The  Hgl^  was  uniformly  distribu’ed  over  the  '.ample  surface  by  passing 
it  through  a  Nylon  sieve  E  which  wac  agitated  by  the  stai.nless  steel  rod  C.  A 


movable  shield  D  prevented  specks  of  the  sa!*  from  coming  into  contact  with 
the  sample  prior  to  the  desired  time. 

The  alumi'.-um  samples  were  prepared  from  99  999"^  pure  ingot  ob¬ 
tained  from  Dr.  Lee  Craig  of  the  Reynolds  Xfi.‘'-ls  Company.  They  were 
machitsed  in  the  shape  of  cylinders,  1. 3  cm.  in  diameter.  They  were 
degreased  in  ether  and  were  heavily  etched  in  HCl  immediately  prioi  'o 
insertion  into  the  reaction  chamber.  The  appearance  of  the  sample  dur-.ng  the 
reaction  was  observed  through  the  observation  port  Q  and  illumination  was 
provided  by  1:  .  battery-operated  lamp  H. 


T 


EXPERIMENTAL  RESULTS 


Rate  Measurements 


The  rate  curves,  as  determined  by  pressure  change  uncorrected  for 
water  replacement  reaction,  were  all  charactcri.  .d  by  a  linear  segment  m 
the  early  stages  as  shows  by  the  representative  curves  in  Figs.  2  and  3.  At 
100%  relative  humidity  and  30*C.  there  was  an  induct period  whicn  was 
as  long  as  40  minutes  in  some  instances.  This  induction  period  decreased 
with  decrease  in  relative  humidity  at  30*C.  and  wss  much  less  at  40®C.  and 
100%  relative  humidity  than  at  30*C.  At  low  relative  humidities  the  linear 
rates  were  not  maintained  for  long  periods  and  the  reaciios  ce2ti;d  a^tcr  xOO- 
200  minutes.  At  high  relative  humidities  the  reaction  rate  decreased  as  the 
oxygen  in  the  system  approached  a  low  value.  A  compilation  of  all  the  rate 
measur*tnerts  ;s  given  in  Fig.  4  in  which  the  average  value  of  the  linear  rate 
is  plotted  as  a  function  of  the  relative  humidity.  The  range  of  all  the  measure¬ 
ments  at  any  one  relative  humidity  is  denoted  by  the  bar. 

At  high  relative  humidities  (90-100%)  the  oxide  often  grew  as  a  con¬ 
tinuous,  thick,  blue -white  column.  This  column  grew  perpendicularly  and 
had  stjkfficient  strength  to  lift  the  Nylon  sieve  from  its  support.  At  low  relative 
humidities  (20-50%),  the  oxide  consisted  short  fiHers.  r  -mewhat  powdery 
and  yure  white  in  color.  At  intermediate  humidities  and  at  high  humidities 
long  ibbon'c  of  oxide  fornicd.  Microscop:-  examinatio’-  of  the  point  of  contact 
between  the  aluminuni  sample  ,^..d  smaii  crystal  of  Hgl>  indicated  that 
metallic  mi  'cury  was  formed  and  that  i  .rptdlv  spread  over  a  large  area 
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Appiiront  amount  of  oxygen  conBumetl  In  mg,  /cm.  ^  of  nluminutr. 


I  Figure  2.  The  oxidation  of  aluminum  in  air  in  the  presence 

of  Hgl2  at  30*C.  and  various  relative  humiditic'". 
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Figure  4.  The  apparent  reaction  rate 
cf  aluminim  with  moist  air  at  various 
rciati''fc  humidities  Data  arc  not 
certe^ted  fer  the  reaction  of  aluminum 
■siith  va-  -r.  See  Figure  5  for 

corretied  d-'ta. 
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from  its  point  of  origin.  Oxide  formed  iir.ifrrmly  ever  the  surface  in  th.j 
area  covered  by  the  spreading  mercury. 

As  stated  previously,  it  was  known  tnat  a  portion  z.i  the  total  overall 
reaction  involved  a  replacement  reactic"»  cf  water  with  aluminum.  The 
method  used  to  determine  the  fraction  ci  reaction  with  oxygen  ar-d  'vilh  -.vate’- 
vapor  was  as  follows.  Three  to  eight  experiments  were  carried  cut  at  each 
of  the  following  humiditiefi:  36,  58,  73.  81,  85,  93.  and  1005,-  The  cylindrical 
samples  of  aluminum  were  rubbed  i*  a^d  were  immediately  placed  in  a 

closed  system  mainj.-.ined  at  the  desired  humidity.  The  pressure  change 
during  the  experiment  was  measured  and  the  amount  of  aluminum  consumed 
was  determined  gravimetrically.  The  pressure  measurements  summarized 
in  Fig.  4  were  then  us*  d  to  calculate  the  amcur.t  of  reaction  with  oxygen  and 
the  amo-juit  of  the  replacement  reaction  wiai  water.  The  results  of  these  ex¬ 
periments  are  sunomarized  in  Fig.  5  and  Table  I.  The  information  tabulated 
in  the  right  hand  column  of  Table  I  indicated  that  the  rate  of  the  replacemen 
reaction  with  wrater  -was  independent  of  the  water  vapor  concentration  over 
the  rangr  •>!  36  to  relative  humidity. 

Next,  it  appeared  cf  interest  to  determine  the  rate  of  corrosion  of 
aieminum  in  water  under  essentially  the  same  •_  of  amalgamation. 

San.plcs  of  aluminum  were  coated  with  Hci2,  the  iodide  wad.  washed  off  in  a 
stream  of  water,  and  the  samples  were  in'.mersed  for  1-24  hours  in  a  O.OOIM 
solution  of  ^IgCl^  maintained  at  30* .  Vr.c  a;e  of  the  reaction  in  7  esperh-nents 
ranged  from  a  low  of  0. 013  t  a  high  of  0.  035  mg.  / ,  with  an 
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average  rate  of  0.020  mg. /crti.^'min.  Thus  the  rate  cf  reaction  c£  aluminum 
v/ith  water  vapor  (0.066  mg. /cm.^/niin. )  was  act  greatly  different  from  the 
rate  of  reaction  with  liquid  water. 


TABLE  I 

A  summary  of  the  experiments  carried  cut  to  determine  the  fraction 
of  the  total  reaction  accounted  for  by  a  nplacement  reaction  between 

aluminum  and  water . 

Relative  Percentage  of  Total  Calculated  Rate  of  Reaction  of 

Humidity  Reaction  Involving  Water  .Jutninum  with  Water  Assuming  a 

Linear  Rate  over  the  Experiment 


mg.  of  Al/cix..  ■•i:nute 


100% 

18% 

0.05 

93% 

23% 

.07 

30% 

-09 

81% 

30% 

.07 

73% 

27% 

.06 

58% 

45% 

.0? 

36% 

64% 

.05 

Average 


0.066 


Corrouion  rate  in  nag.  of  Al/cna.  minute 
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•  [J]  -  Total  corrosion  rate 

y  Q  '  O  -  That  portion  of  corrosion  rate  dut.  to  reacti-'n  with  oxygen 

'■  0  -  That  portion  of  corrosion  rate  due  to  replacement  reaction 

with  water 
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Figuxc  -  A  summary  oI  the  Cata 
showing  the  rate  of  reaction  of  aluminum 
with  moist  -I'-r  a,=  -v  function  of  relattvc 
hu.nidilv. 


Relative  humidity 
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The  0>:idation  Preduct 


X-ray  diffraction  analysis  of  the  product  immediately  after  prepara¬ 
tion  indicated,  by  the  absence  of  a  diffraction  pattern,  that  is  was  amorphous. 
This  confi'«'med  the  observation  made  previcusi,  by  Straughan  (2)  on  t~' 
product  formed  when  mercury  contacted  a  single  crystal  of  aluminum. 
Subsequently.  Heyn  (3)  noted  that  no  crystalline  pattern  was  obtained  using 
electron  diffraction  techniques  on  the  product  formed  on  aluminum  in  the 
presence  of  mercury  under  room  conditions.  Lawless  (4)  coni'rmed  that  the 
product  £or*r.ii,  in  »he  presence  of  Hgl^  at  100%  relative  humidity  yields  no 
crystalline  diffraction  pattern  using  electron  diffraction  technlqu'':.. 

Exposure  of  the  oxide  to  100%  relative  humidity  at  room  temperature 
for  10-21  -jays  resulted  in  the  crystallization  of  beta-Al203-  3H2O.  The 
rato  crystallization  of  the  trihydrate  appeared  to  be  greater  for  the  pro¬ 
duct  formed  at  40*  C.  and  100%  relative  humidity  than  at  30*C.  Simultaneously 
with  the  crystallization,  the  sample  decreased  greatly  in  volume  and  it  ch'»nged 
from  its  bluish-white  translucent  appearance  to  an  epaque  white  color. 

n  .  ydration  of  the  product  at  600' C.  for  3  hetirs  resmted  in  a  product 
which  yielded  no  diffraction  pattern.  Rehydration  of  this  dehydrated  pro- 
ruci  by  exposure  to  100%  relative  humidity  fc~  "  !0  days  resiuied  in  the 
crystallization  of  the  beta-trihydratc.  Dehydration  of  the  crystalline  hydrate 
fcrmc-J  by  hydration  of  the  uchydi<iied,i.otially-fo:r  .ed.tci^orpnous  oxide 
•/.elded  anhydrous  eta-A}i03.  The  pa  t-  --n  obtained  m  this  case  was  diffuse 
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Negligible  w  eight  losses  were  obtained  when  the  oxidation  product 
was  heated  at  115“C.  for  1-10  hours.  Pn  estimate  of  the  amount  of  water 
in  the  product  was  obtained  by  determining  the  weight  loss  when  the  sample 
was  heated  at  600*C.  for  3  hours.  Ai»alyses  were  performed  on  products 
formed  at  81  and  100%  ’■elative  humidity  at  30®C.  and  at  100%  relative 
humidity  at  40*C.  The  weight  loss  in  eight  samples  ranged  from  a  low  ol 
31  0%  to  a  high  of  38.9%  with  an  average  ioss  of  33.  7%.  The  difficulty  in 
making  accurate  measurements  of  this  type  is  a  result  of  the  fact  that  drop¬ 
lets  of  mercury  and  Hgl2  are  occasionally  trapped  in  the  oxide  iuring  growth. 
This  weight  loss  suggests  that  the  approximate  composition  of  the  prcducl 
is  Al^Oj-  3H2O,  in  which  the  theoretical  water  content  is  34.  6%  >/  weight. 


DISCUSSION 


TheKC  oxptM'inac'iitK  fuiMiish  additional  convincini'  ovidonco  for  the 
highly  reactive  iicature  of  aluminum  when  its  oxide  film  no  longc'v  offers 
protection.  The  rate  of  oxidation  in  air  at  high  volative  humidity  and  30*C.  . 
for  example,  was  equivalent  to  the  consumption  of  0.9  mg.  of  alumir.um/cm. 
minute.  The  non-protectivc  nature  of  the  reaction  product  was  emphasized  by 
the  fact  that  the  rate  of  reaction  was  linear  with  time  as  shown  by  experiments 
of  the  type  reported  in  Fig.  2.  Such  rates  are  often  obtained  with  systems  in 
which  the  reac*i.  n  product  develops  faults  such  as  cracks  or  pores. 

Attempts  to  furnish  a  quantitative  explanation  for  the  oxidation  bo 
havio:*  are  severely  limited  by  the  inability  to  make  measurements  on  or 
observatioi.  of  the  aluminum  surface  during  reaction.  The  dynamic  nature 
of  the  irface  and  the  presence  of  the  voluminous  reaction  product  precluded 
simultaneously  rate  measurements, a«t<l  ineaningful  electrical  measurements, 
for  example.  It  has  been  necessary,  therefore,  to  attempt  an  explanation 
on  the  basis  of  measurements  on  samples  of  other  types  and  on  the  basis  of 
the  elecfon  microscope  observation  of  Heyn  (3). 

The  optical  microscope  studies  indicated  that  the  Hgl2  rapidly  reacts 
w  .'.h  aluminum  and  the  resulting  free  n.5*'cury  spreads  er  the  surface  from 
its  ooint  of  origin. 

It  is  conjectured  that  the  oxide  fil  n  whicli  for-is  oi'  the  inercury- 
cortaminiited  aluminum  surface  in  similar  to  that  which  is  formed  during 
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anodic  treatment  (5)  ia  which  pores  penetrate  the  oxide  normal  to  the  metal 
surface.  These  pores  have  been  determined  to  be  100-300  A.  in  diameter 
by  electron  microscope  observations  (6).  It  is  further  conjectured  that  -Ite 
major  fraction  of  the  total  oxidation  of  aluminum  unde',  the  conditions  used 

i/-.th  the  ylimplt 


in  these  experiments  is  electrochemical  in  nature  w-. 


le  empirical 


anodic  reaction  being  represented  by  A1  -  3e~  =  Al*"*"*^  and  the  simple 
empirical  cathodic  reaction  by  O2  +  4e“  =  20”.  The  rate  under  a  certain 
range  of  experimental  conditions  might  then  be  determitied  by  the  electrical 
properties  of  the  oxide.  Jason  and  Wood  (5),  and  more  recent-'"  Stover  (7), 
have  found  that  the  impedance  of  anodicaily-formeo  oxide  films  is  a  fanction 
of  the  relative  humidity  of  the  atmosphere  surrounding  the  sample-.  Stover 
foimd,  for  example,  that  the  impedance  of  an  aluminum  sample  anodized  in 
50%  sulfuric  acid  at  90*F.  and  12  amp.  /sq.  ft.  for  25  minutes  was  approxi¬ 
mately  10^  ohms  at  0  relative  humidity,  10®  ohms  at  40%  relative  humidity. 

10  ohms  at  60%  relative  humidity,  and  approximately  2  X  10^  ohms  at  100% 
relative  humidity. 

Jason  and  Wood  found  that  the  equivalent  parallel  resistance  decreased 
from  the  order  of  lo"^  ohms  at  0%  relative  humidity  to  approximately  3  X  10^ 
ot-n.s  at  100%  relative  humidity  for  fi>ms  formed  by  anodization  in  chromic 
acid,  oxalic  acid,  and  sulfuric  acid.  The  equivalent  parallel  capacitance  in¬ 
creased  from  5  X  1*?^  -  X  10^  micro's.  .".Hi  at  C5.  rc-laiivc-  humidity  t-'  L.  X 
5 

10  microfarads  at  100%  rel=*--v*-  ^umidit for  samples  anodized  in  the  same 
three  ele  Tolytes. 


If  the  properties  of  the  films  present  cn  the  surface  in  this  study  and 
the  films  studied  by  Jason  and  Wood  are  similar,  then  it  may  be  said  tb^t 
the  electrical  properties  are  strongly  a  function  cf  the  relative  humidity. 
Further,  if  the  reaction  is  indeed  electrcchemical  .n  nature,  it  is  to  be  ex¬ 
pected  that  the  rate  would  be  intimately  related  to  the  electrical  properties 
of  the  film. 

It  is  proposed  that  the  passage  cf  alumiiium  ions  through  the  film 
occurs  largely  at  pores  whose  diameter  is  of  the  order  cf  100  A.  The  electron 
micrograph  of  Heyn  (3)  clearly  shows  that  the  oxidation  product  *•''  needle - 
like  in  nature.  Transport  of  aluminum  ions  thrcugn  the  pores  apparently 
occurs  readily  and  reaction  with  oxygen  and  water  molecules  apparently 
occurs  within  the  pore  or  at  the  top  surface.  Transport  of  aluminum  ions 
through  the  film  necessitates  the  transport  also  of  electrons.  Their  ready 
transport  perhaps  occurs  at  places  where  mercury  penetrates  through  the 
film,  but  they  may  also  move  through  the  film  at  ether  locations. 

The  location  of  the  pores  in  the  film  probably  continually  change  as 
the  aliuninum  at  the  base  cf  the  pore  is  consumed.  Transport  of  aluminiun 
atoms  at  the  base  of  the  pore  may  be  facilitated  by  the  presence  of  mercury 
and  by  the  highly  exothermic  nature  of  the  oxidation  process. 

The  role  of  water  in  the  reaction  is  a  very  complex  one.  It  is  apparent 
that  t-e  influence  of  water  on  the  cveiUll  r  -  ^e  cf  the  oxidauo.i  of  aluminum  is 
more  than  simply  an  effect  cn  the  elet="ica’  properties  cf  the  film  since 
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water  ip  an  intimate  component  of  the  reaction  product.  Very  little  of  the 
incorporated  water  was  lost  on  heating  at  lir>*C.  and  the  composition  of  the 
product  as  determined  by  dehydration  at  600*C.  was  equivalent  to  A1203-  ’H2O 
Storjc^e  at  100%  relative  humidity  also  led  to  crystallization  of  the  trihydrate. 
Water  also  was  involved  in  a  direct  chemical  reaction  over  the  entire  range 
of  relative  humidity  in  an  amount  equivalent  to  0.  066  mg,  of  aluminum/ cm.  ‘■/ 


minute . 
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PART  E 


"An  Ultrastructure  Study  of  the  Corrosion  Product  Fori^;-d 
during  the  Catastrophic  Corrosion  of  Aluminum  in  the 
Presence  of  Mercury  and  an  Hypothesis  for  Explaining  the 
Structure  Observed” 

By 

Anton  N.  J.  Heyn 


ABSTRACT 


An  electron  microscope  study  was  made  cf  the  product  formed  when 
mercury  and  mercury  alloys  were  contacted  with  ahiminam  in  air  at  room 
temperature.  The  structure  of  the  product  consi-  ed  of  uniform,  elongated 
micellar  strands,  approximately  100  A.  in  width  and  2000  A.  or  mere  in 


length.  An  hypothesis  of  alternating  active  sites  was  proposed.  Electron 
diffraction  studies  gave  no  evidence  that  the  product  was  crystalline. 


It  has  long  been  known^^^  that  upon  exposure  of  aluminum  to  morcur\ 
a  remarkably  destructive  type  of  corrosion  occurs  ;.i  which  most  fantastically- 
shaped  fibrous  filaments,  bands  and  •^'-.eets  of  aluminum  hydroxide^-'  ... 
hydrated  aluminum  oxide  seem  to  grow  rapidly  from  the  mcl-il  -.•i’-fa.,.  T.,:s 

particular  type  of  corrosion  is  most  detrimental  and  extremely  difficult  to 
stop,  once  started. 

An  ultrastructure  study  of  this  phe  omcnon  with  the  electron  micro¬ 
scope  has  been  cai  ned  out  by  the  author,  the  resuns  of  which  aic  briefly- 
reported  herein. 

From  the  electron  micrographs,  which  arc  reproduced  at  a  magnifica¬ 
tion  of  23,560  times,  it  is  seen  that  in  all  cases  the  corrosion  product  has  a 
typic.*'  ultrastructure  which  at  first  sight  looks  like  a  polycrystalline  co.  - 
figuration.  The  composite  structure  consists  of  sub-microscopic,  uniform, 
elongated  micellar  strands  or  needles,  which  aie  bundled  together  ever 
larger  ranges  in  almost  parallel  orientation.  These  needles  very  often  appear 
to  be  fl^.-.ened  and  have  an  almost  uniform  width  of  about  100  A.  Indications 
cf  a  helical  or  coiling  appearance  is  often  observed.  The  length  of  the  needles 
o.  strands  is  very  difficult  to  determine,  out  is  ger.cr«tiiy'  at  least  twenty 


tunes  the  aiameter.  but  very  often  m-ach  longer.  Tisrse  ruptures  are 
often  seer,  across  the  needles.  The  impi  essir.i  i:.  c-btamed  th-t  longer  strands 

(1)  H  Hohrig  Aluminum  Zer st*!: ■•inj;  carch  Que- ks.lber  iind  :ii’'c 
Beklimpfung.  Korre. -on  und  Metallscbuta  1  ii92'). 


are  broken  at  irregular  places  into  shorter  pieces  to  fotm  the  needles. 

Sometimes  consistent  large  patches  of  very  high  electron  absorption 
(appearing  white  on  electron  micrograph  #4)  are  observed,  which  are  pro¬ 
bably  micro  droplets  of  mercury  carried  along  >d  captivated  by  ’:he  growing 
fibers.  In  the  vicinity  of  these  drops  much  finer  fibers  are  often  seen. 

When  other  metals  have  been  added  to  the  mi-.-wU.-y,  such  as  le.ad  and 
thallium,  the  shape  and  size  of  the  strands  is  somewhat  different.  They  are 
more  compressed  in  length  and  more  irregular  in  appearance  and  orienta¬ 
tion  (electron  n-.-rrograph  #5). 

A  few  electron  diffraction  observations  werci  m.ade  fov  determining 
whether  or  not  these  strands  have  crystalline  configuration.  At  lirst  sight 
they  usually  give  the  impression  of  having  micro  crystalline  nature.  No 
clear  electron  diffraction  was  obtained,  so  that  the  ccnclusion  must  be  made 
that  the  particles  are  probably  amorphous. 

The  explanation  of  the  remarkable  structure  observed  has  to  be  based 
on  the  physical -chemical  process  underlying  its  formation.  The  findings  on 
the  strvi'^’»re  inversely  may  point  to  the  nature  of  this  process.  On  the  basis 
of  the  above  observation  the  following  explanation  is  presented  by  the  author. 

The  essential  features  of  the  ult  astructure  ebst^-ved  is  the  presence 
of  elongated  micro  fibrils  of  rather  constant  diameter,  grewn  from  the  sur¬ 
face  and  packed  in  parallel  crientaticn.  Similar  formatirns  hc>ve  been  cb- 
so.rved  in  the  case  of  so-caUed  '  rr»ei.\l  wliisker  s, "  which  are  also  elongated 
structure  s  grown  from  a  metal  surface  ■'.•..nc  cne  diiection.  A  di,ffe'enc«  is 


that  in  the  present  case  the  fibers  have  apparently  nc  crystalline  coriiguia- 
tion,  so  that  crystalline  forces  probah’,  do  not  play  a  part  in  their  growth. 

The  author,  therefore,  suggests  the  use  of  the  term  "amorphous  whisk'-rs" 
for  the  present  structures. 

It  has  long  been  assumed^ thc.i  the  aluminum  hydroxide  is  formed  in 
this  corrosion  process  under  dissolving  of  the  aluminum  in  the  iluid  muirury 
layer  covering  its  surface  to  form  an  aluminum -mercury  alloy  and  under 
subsequent  oxidation  of  this  alloy  in  contact  with  moisl  air. 

Assuming  that  this  is  correct,  the  i  Hewing  hyoothes.s  Tor  the  details 
of  this  process  can  be  presented  on  the  basis  cf  ♦'•e  ultrastructure  observed. 
I'he  oxidation  of  the  aluminum  alloy  will  take  place  in  anodic  regions  which 
alternate  with  cathodic  regions  on  the  surface.  After  the  first  layer  of  oxide 
has  covered  the  anodic  sites,  further  oxidation  will  result  in  the  growth  of 
parallel  fibers  of  infinite  lengths  in  vertical  direction,  separated  at  the  foot 
by  the  cathodic  regions.  As  a  result  of  growth  pressure  and  maybe  also 
shifting  of  the  anodic  regions  over  the  surface,  coiling,  transverse  rupture 
and  shifting  of  the  fibers  may  occur.  This  wculd  fully  explain  the  features 
observeo.  If  this  hypothesis  is  correct,  the  cross  section  cf  the  fibers 
w'.id  essentially  correspond  to  the  area  of  the  anodic  domains  and  the  cross 
se«  tion  of  the  composite  fibers  would  be  a  true  representation  of  this  distri- 
but'on  of  anodic  and  cathodic  regions  on  .he  surface  F'-Sir-  liie  cross  sections 
of  the  fibers  it  could  be  concluded  then  that  the  cross  secf.on  of  the  anodic 
sites  wouid  be  about  100  A.  and  fvo.ii  e  v-'-king  of  the  fibers  it  coul<i  be 


ri  . 


concluded  that  the  packing  is  probably  not  much  more  than  twice  this  va.ue 
This  hypothesis  of  alternating  sites  would  nicely  explain  the  main 
point,  why  a  discontinuous  arrangement  of  whiskers  is  formed  rather  than 
a  continuous  layer  of  oxide. 
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No.  i. 


No.  3. 


No.  4. 


No.  5. 
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Catastrophic  corrosion  of  aluminum  by  pure  mercury. 
Fibrils  almost  in  original  arrangement.  The  di»'ection 
of  growth  is  perpendicular  to  the  metal  surface  and 
along  the  meridian  of  the  photograph.  Magnification 
23. 560 X. 


Catastrophic  corrosion  of  aluminum  by  pure  mercury. 
Fibrils  spread  out  from  original  arrangement  to  show 
their  shape  better.  Magnification  23.560  X. 


Catastrophic  corrosion  of  aluminum  by  pure  mercury. 
Fibrils  spread  out  from  original  arra^j^ement  to  she.” 
their  shape  better.  Magnificatio.  23, 560  X. 


Catastrophic  corrosion  of  aluminum  by  pure  ..ercury 
In  center  of  picture  a  droplet  of  mercury  surrounded  by 
needles  of  finer  structure.  Magnification  23.560  X. 


Catastrophic  corrosion  of  aluminum  by  mercury  to 
\-hich  20%  thallium  has  been  added.  Magnification 


23.560  X. 
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